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iAbstract
Abstract
The main objective of this research project was to investigate the effect of several
non-dimensional parameters on the bearing capacity of shallow footings located near
slopes. The geotechnical software package FLACwas used to study the effect of D/B, H/B,
L/B, Soil-Structure interactions, and Small and Large Strain analysis modes. Within each
of these studies further parameters relevant to each topic were also examined.
Parametric studies were carried out extensively, with the view to create practical design
charts for consulting engineers. The advantage of the method presented within this
dissertation is that is it simple, yet takes into account the multi- dimensional complexities
of the footing on slope problem. A positive outcome requires these topics to be studied
comprehensively in order to add further weight to the argument to use this method over the
traditional methods which have been developed over the past 60 years.
This dissertation proves that FLAC is a valid tool for modelling the footing on slope
problem, particularly when performing parametric studies. However, care should be taken
when usingFLACaswith anynumerical softwarepackage, to ensure the results are correct.
The results have been analysed both qualitatively and quantitatively, and have highlighted
the failings of previous researchers to take into account the multi- dimensional complexity
of this problem.
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Notation
The principal symbols used are presented in the following list. Locally used notation and
modifications, such as by addition of a subscript or superscript, and a symbol that has
different meanings in different contexts are defined where used.
p
γB
normalised bearing capacity.
c
γB
strength ratio, also referred to as SR.
D/B footing position ratio.
H/B footing height ratio.
L/B footing length ratio.
c soil cohesion, undrained shear strength.
 friction angle of soil.
β slope angle.
γ unit weight of soil.
p force per unit footing area e.g. ( N/m2 ).
D distance between slope edge and front face of footing.
H vertical slope height.
L footing length.
B footing width.
ca interface adhesion.
Introduction
This dissertation investigates the effect of several non-dimensional parameters, and
different modelling techniques on the bearing capacity of shallow footings located near
slopes. The finite difference program FLAC is used to study these effects for purely
cohesive soil only. The results will be presented in the form of design charts and tables
which can be easily applied by consulting engineers.
The effects to be studied are:
 footing location ratio, D/B;
 slope height ratio, H/B;
 soil - footing interface effects;
 3D effects; and
 small strain vs large strain.
1
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1.1 Background
The footing on slope problem is a special case of the very large bearing capacity problem.
The bearing capacity problem has been studied extensively over the past 150 years in an
attempt to obtain the true solution. As an aside, researchers have studied the bearing
capacity of slopes as such problems arise quite frequently in practice. For example:
 tower footings of electrical transmission lines;
 foundations next to an excavation for a basement or car park, typically in urban
high rise construction; and
 structures placed on benches cut into slopes.
However, much of the work in the past has been focused on the stability of slopes and
developingmethods to evaluate the stability of slopes.Ultimately, amarginally stable slope
has very little bearing capacity, if any at all, and hence its existence is trivial to a study of
this nature.
In recent years there has been a renewed focus on determining the bearing capacity of
shallow footings located near slopes. However, much of the work has used upper and lower
bound limit analysis to verify the results obtained by previous researchers, and to propose
new variations on the old equations.
This dissertation seeks to further develop a relatively new method that uses certain
non-dimensional parameters through which trends in the data are very clear. It is the aim
that this new direction could provide consulting engineers with an easier and less
complicated method of determining the bearing capacity of shallow footing located near
slopes.
1.2 Aims and Objectives
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1.2 Aims and Objectives
This project seeks to develop computer models of various footing on slope problems using
the computer program FLAC. These models will be validated with the aim being to set the
foundation for future complete parametric studies. This could then lead to a simple
standardised method for calculating the bearing capacity of shallow footing located near
slopes.
The first objective of this project is to create comprehensive design charts and tableswhich
can be used by consulting engineers. To do this, models will need to be created and verified
before parametric studies can be conducted. It is envisaged that due to time constraints a
complete parametric study on each topic cannot be done. However, in such cases a minor
study will be completed to gain some insight into the data trends. This will provide future
researchers a greater understanding of where to begin the complete parametric studies.
The second objective is to critically analyse all the results with the view to improve
modelling techniques in this field.
The main goals of this project include:
 research;
 creation and validation of models;
 parametric studies;
 creation of design charts; and
 critical analysis of results.
1.3 Process
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1.3 Process
In order to complete this project on time a structured approach needs to be applied. This
approach is broadly described below:
1. Research background information.
2. Complete parametric study on D/B.
3. Develop design charts.
4. Create and validate models for a H/B study.
5. Complete parametric study on H/B.
6. Develop design charts.
7. Learn how to use FLAC 3D.
8. Develop and validate a 3-Dimensional footing on slope model.
9. Complete parametric study into 3-Dimensional effects.
10. Develop design charts.
11. Create and validate soil interface model.
12. Study effects of interface on the bearing capacity.
13. Report on various modelling techniques.
14. Study the effects of large and small strain analysis modes.
15. Report on findings.
16. Complete dissertation.
1.4 Overview of Dissertation
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1.4 Overview of Dissertation
This dissertation gives an introduction to the topic and theneed for the study. It then follows
on to give an overview of the process to be followed and an outline of the structure. After
this the background research into the overall bearing capacity problem and the specific case
of the footing on slope is presented. Then each individual topic is studied in depth.
Chapter 1: Introduction to the topic, aims and objectives, the process to be
followed, and an overview of the structure of the dissertation.
Chapter 2: Literature review into the bearing capacity problemand the special
case of a footing located near a slope. It investigates what work has
been completed to date on the problem and why it is necessary to
study this topic further.
Chapter 3: Effect of D/B. This chapter studies in detail the effect of the footing
position on the bearing capacity of the slope. By changing the
distance of the footing from the edge of the slope, varying the
strength of the soil and changing the angle of the slope the effect can
be measured. Following on from this, design charts will be
presented and analysed.
Chapter 4: Effect of H/B. This chapter will study the effect of the vertical
height of the slope on the slope’s bearing capacity. By changing the
angle of the slope, the strength of the soil, the position of the footing
and the height of the slope, the effect of the H/B ratio can be
analysed. Design charts will be produced for analysis.
1.4 Overview of Dissertation, continued
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Chapter 5: Effect of L/B. This chapter studies the development of a 3-Dimen-
sional footing on slope model. It also examines the effect of
modelling the problem realistically as opposed to the conventional
plane strain methods of analysis. Design charts and tables are
presented and reviewed.
Chapter 6: Interface Effects. This chapter will detail the change in bearing
capacity brought about by changing the properties of the soil- foot
- ing interface. Itwill investigate variousmethodsofmodelling such
a problem and report on the optimum method of modelling such a
situation.
Chapter 7: Small Strain Vs Large Strain. This chapter studies the effect of
allowing nonlinearity to enter into the numerical modelling of the
footing on slope problem, whilst using FLAC and FLAC3D in
general. It also presents arguments as to the most preferred method
of analysis.
Chapter 8: Conclusions. This is the chapter where all the findings are
summarised and the direction for future work is set out.
1.5 List of Publications
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1.5 List of Publications
As a result of this dissertation some papers have been written for international conferences.
These papers in order of writing are:
1. J.S. Shiau, J.F. Watson & C.A. Smith, ‘Foundation located near slope ~ A
FLAC study’, 1st Int’l. FLAC /DEM Symposium on Numerical Modeling -
2008 (Accepted).
2. J.S. Shiau, J.F. Watson & M.A. Arnold, ‘Numerical Study of a Shallow
Foundation Located near 45 Degree Slopes’, 4th International Conference
on Advances in Structural Engineering and Mechanics - 2008 (Accepted)
3. J.S. Shiau, J.F. Watson, ‘3D Bearing Capacity of Shallow Footings Located
near Deep Excavations’, International Conference on Deep Excavations -
2008 (Accepted)
Literature Review
Shallow footing on slope problems are found quite commonly in real life; some examples
include:
 tower footings of electrical transmission lines;
 foundations next to an excavation for a basement or car park, typically in urban
high rise construction;
 structures placed on benches cut into slopes;
 bridge abutments; and
 determining how close a large dragline can approach the edge of an open cut
mine.
This is quite a common problem, yet it is just one special case of the global bearing capacity
problem. Tomlinson (1975, p. 87) defines a shallow footing as one whose embedment
depth ( Df ) is not greater than its width ( B ). However, Das (2007) reports that foundations
with Df approximately 3-4 times ‘B’ can still be classed as shallow foundations. An
example of a shallow footing is shown below in Figure 2-1.
2
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Figure 2-1. Shallow footing example (Das, 2007)
2.1 Ultimate Bearing Capacity
As the load per unit area is increased the settlement of the foundation also increases up to
a point where a sudden failure occurs. It is this load per unit area ( qu ), which is the ultimate
bearing capacity. There are three different types of failure mechanisms:
 general shear failure;
 local shear failure; and
 punching shear failure.
Each of these failure mechanisms has an impact on the ultimate bearing capacity of the
foundation. This is because in each of the cases a different amount of shear force is
mobilised along the failure surface. Hence, depending on the failure type, the ultimate
bearing capacity can vary.
2.1.1 General Shear Failure
In conjunction with a load- settlement curve, as the load on the foundation is
increased there comes a point where there is a sudden failure in the soil, resulting in
a reduced load causing increasing settlement. The load at which this sudden failure
occurs is the ultimate bearing capacity ( qu ). This process results in a general shear
2.1 Ultimate Bearing Capacity, continued
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failure, and is usually found in dense sand or stiff cohesive soil. An example of the
failure profile and the load- settlement curve is shown in Figure 2-2.
Figure 2-2. General shear failure (Das, 2007)
2.1.2 Local Shear Failure
When the footing is resting on cohesive soil or sand of medium compaction, as the
load is increased there is a gradual failure of the foundation material and the failure
profile grows in much the same shape, outwards from the centre, as a general shear
failure profile. However, at a particular load ( qu(1) ), further increases in the load
result in sudden large increases in settlement, and it then takes a considerable increase
in the load to force the failure profile to extend to the surface, as shown by the dashed
line in Figure 2-3 below. An example of a load- settlement curve and the failure
profile of a local shear failure is shown in Figure 2-3.
2.1 Ultimate Bearing Capacity, continued
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Figure 2-3. Local shear failure (Das, 2007)
There is some conjecture as to whether the ultimate bearing capacity ( qu ) can be
practically reached with a local shear failure. Tomlinson (1975) believes that in an
engineering sense failure may have occurred at a load which causes less settlement.
This idea shows that there can be considerable difference between what is
theoretically correct and what is practically acceptable in an engineering sense.
2.1.3 Punching Shear Failure
Punching shear failures generally occur in loose soil possessing stress- strain
characteristics of a very plastic material. It is characterised by a failure profile which
does not extend to the surface and a load- settlement curve which is quite steep after
the ultimate bearing capacity has been reached. Vesic (1963) found that the ultimate
bearing capacity and the settlement is dependent upon the depth of embedment of the
foundation. He found that the larger the value of Df the higher the bearing capacity
for equivalent amounts of settlement. An example of a punching shear failure profile
and the corresponding load- settlement curve is shown in Figure 2-4.
2.1 Ultimate Bearing Capacity, continued
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Figure 2-4. Punching shear failure (Das, 2007)
2.2 Allowable Bearing Capacity
The concept of allowable bearing capacity is linked to the ultimate bearing capacity in
much the same way as the ultimate limit state and design loads are linked in structural
engineering. The concept of allowable bearing capacity was introduced to take account of
the inherent variability that exists in any soil medium. Its purpose is also to account for the
level of accuracy that exists in current measurement techniques. The allowable bearing
capacity ( qall ) is the load per unit area which is used as the upper limit design load on the
foundation and is calculated with equation 2.1
qall=
qu
FS
(2.1)
The factor of safety ( FS ) is used to account for various factors which Tomlinson (1975,
p. 104) states are:
 natural variations in the shear strength of the soil;
 uncertainties in the accuracy or reliability of theoretical or empirical methods
for calculating bearing capacities;
 minor local deterioration in the bearing capacity of the soil during or subse-
quent to construction; and
2.2 Allowable Bearing Capacity, continued
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 excessive settlement caused by yielding of the soil when the foundation is ap-
proaching failure in shear.
Further weight is added to the argument that the ultimate bearing capacity needs to be
factored down to the allowable bearing capacity by the following quote.
Terzaghi, Peck andMesri (1996) reveal that the shortcomings of the
current theories are not of practical importance because the
accuracy of even approximate solutions is limited by our ability to
evaluate the appropriate physical properties of the soil that enter
into the equations rather than by the defects in the theories
themselves.
Ultimately, the allowable bearing capacity is a very interesting quantity that needs its own
study, as such, it will not be discussed any further in this dissertation.
All the initial work into the ultimate bearing capacity of foundations started with footings
founded on flat ground and it has only been as an aside that footings on slopes have been
investigated. Hence an investigation in the flat ground problem needs to be done as all the
theory for footings on slopes stem from this problem.
2.3 Footings on flat ground
Currently the ultimate bearing capacity of a shallow strip foundation can be determined by
using a number of different methods. The first of which is Terzaghi’s bearing capacity
equation for a footing on flat ground failing in general shear. Terzaghi’s equation is shown
below.
2.3 Footings on flat ground, continued
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qu= cNc+ qNq+
1
2
γBNγ (2.2)
Where: c = Soil cohesion;
γ = Unit weight of soil;
q = Surcharge loading ( γDf );
B = Footing width, or diameter for a circular foundation; and
Nc, Nq, Nγ = Non-dimensional bearing capacity factors, which are functions of
soil friction angle .
The equation for Nc was originally derived by Prandtl (1921), and Nq was originally
developed by Reissner (1924). Terzaghi developed variations on equation 2.2 for square
footings, circular footings, and variations of those three equations for such cases which
exhibit local shear failure.
Equation 2.2 was the starting point for many researchers since Terzaghi. These researchers
have proposed many modifications. These modifications are summarised below:
2.3.1 Meyerhof (1963)
 Noted that Terzaghi’s equations don’t take into account rectangular footings.
 Also, Terzaghi’s equations are conservative as Terzaghi modelled an em-
bedded foundation with a simple surcharge load, which neglects the shearing
resistance along the failure profile of soil from the surface to the base of the
footing. In Figure 2-1 the neglected portions of the failure profile are shown
by line segments JH and GI.
 Thirdly, Meyerhof believed that allowance needed to be made for inclined
loads on the foundation.
2.3 Footings on flat ground, continued
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As a result Meyerhof proposed the general bearing capacity equation, equation 2.3,
to take account of all these issues.
qu= cNcFcsFcdFci+ qNqFqsFqdFqi+
1
2
γBNγFγsFγdFγi (2.3)
Where: c = Soil cohesion;
γ = Unit weight of soil;
q = Surcharge loading ( γDf );
B = Footing width, or diameter for a circular foundation;
Nc, Nq, Nγ = Non-dimensional bearing capacity factors, which are functions of
soil friction angle ;
Fcs, Fqs, Fγs = Shape factors;
Fcd, Fqd, Fγd = Depth factors; and
Fci, Fqi, Fγi = Inclination factors.
The equations for Nc, Nq, and Nγ are variations on Terzaghi’s, and it is nowgenerally
accepted that such equations are correct, however valid variations on Nγ have been
proposed by Hansen (1970), Vesic (1973), and Michalowski (1997).
2.3.2 Other Researchers
 DeBeer (1970) proposed new equations forMeyerhof’s shape factors Fcs, Fqs,
Fγs. Interestingly Das (2007) shows that De Beer’s equation for Fγs contradicts
that of Meyerhof’s .
 Hansen (1970) developed alternative equations for the depth factors originally
presented by Meyerhof (1963). Hansen also presented new factors for Meyer-
hof’s (1963) general bearing capacity equation, Fcb, Fqb, and Fγb are base tilt
2.3 Footings on flat ground, continued
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factors which account for a footing on level ground which isn’t founded paral-
lel to the surface.
 Meyerhof and Hanna (1981) further refinedMeyerhof’s original equations for
the inclination factors.
 Zhu andMichalowski (2005) using finite element analysis have developednew
equations for the shape factors Fcs, Fqs, Fγs. Das (2007) explains that these
equations can also be used.
 Vesic (1975) proposed a further extension to the general bearing capacity equa-
tion through the use of rigidity factors to account for foundations that undergo
considerable settlement. This ties in with Tomlinsion’s (1975) idea that real
failure in and engineering sense, occurs well before the required amount of
settlement to cause the fullmobilisation of the shear resistance along the failure
surface has occurred. This idea particularly relates to punching and local shear
failure mechanisms. The resulting equation is know as the extended bearing
capacity equation and is calculated using equation 2.4.
qu= cNcFcsFcdFciFcrFcb+ qNqFqsFqdFqiFqrFqb+
1
2
γBNγFγsFγdFγiFγrFγb (2.4)
Where: c = Soil cohesion;
γ = Unit weight of soil;
q = Surcharge loading ( γDf );
B = Footing width, or diameter for a circular foundation;
Nc, Nq, Nγ = Non-dimensional bearing capacity factors, which are func-
tions of soil friction angle ;
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Fcs, Fqs, Fγs = Shape factors;
Fcd, Fqd, Fγd = Depth factors;
Fci, Fqi, Fγi = Inclination factors;
Fcr, Fqr, Fγr = Rigidity factors; and
Fcb, Fqb, Fγb = Base tilt factors.
2.3.3 Summary
 Whilst the values of Nc andNqpresented byMeyerhof (1963) are nowgeneral-
ly considered to be correct, there are numerous equations for Nγ.Michalowski
(1997) and Vesic (1973) form an upper bound, and Hansen (1970) andMeyer-
hof (1963) form the lower bound. Ultimately it is up to engineering judgement
which equation to use.
 There are also numerous equations to calculate the ultimate bearing capacity
of a shallow foundation on flat ground.
1. Terzaghi’s ultimate bearing capacity equations for general shear (eq.
2.2), which include equations for strip footings, square footings and cir-
cular footings.
2. Terzaghi’s ultimate bearing capacity equations for local shear failure,
including equations for strip footings, square footings and circular foot-
ings.
3. Meyerhof’s general bearing capacity equation (eq. 2.3) for the ultimate
bearing capacity of a shallow footing on level ground. Note that there
are various equations for the factors within this equation.
2.3 Footings on flat ground, continued
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4. Vesic’s extended bearing capacity equation (eq. 2.4) for shallow footings
located on flat ground. Note that like Meyerhof’s equation there are also
numerous equations for some of the factors.
2.4 Footings on slopes
In 1953 it was Meyerhof who proposed an equation for the bearing capacity of a footing
located near a slope, it is a slight variation on Terzaghi’s bearing capacity equation. The
ultimate bearing capacity for a continuous strip footing is:
qu= cNcq+
1
2
γBNγq (2.5)
for purely cohesive soil it is:
qu= cNcq (2.6)
and for purely granular soil it is:
qu=
1
2
γBNγq (2.7)
Meyerhof developed charts for the value of Nγq, for

Df
B
= 0 and 1;
 internal friction angle  = 30° and 40°; and
 slope angle β = 0°, 20°, 30°, and 40°.
He also developed charts for the value of Ncq, for

Df
B
= 0 and 1;
 slope angle β = 15°, 30°, 45°, 60° and 90°; and
2.4 Footings on slopes, continued
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 for various stability numbers, which he defines as Ns=
γH
c .
Note that these equations only relate to a continuous strip footing. An example of a footing
on slope problem is shown below in Figure 2-5.
Figure 2-5. Footing on slope problem (Das, 2007)
2.4.1 Further works
Kusakabe, Kimura and Yamaguchi (1981) where the first to introduce the strength
ratio c
γB
as they believed it was pivotal to the determination of the correct failure
lines. They used upper and lower bound limit analysis to determine the bearing
capacity of the slope. They also performedmodel tests to confirm the validity of their
theories. It was found that their theoretical solutions compared well with previous
work, however, the results from the model test were approximately 30% higher than
the predicted values. This suggests that either there is still further work to do in
refining the numericalmodelling techniques, or the techniques formeasuring the soil
parameters need further investigation. The likely answer is a combination of the two.
Graham, Andrews and Shields (1987) used the method of stress characteristics on a
cohesionless slope to determine the ultimate bearing capacity. The results compare
2.4 Footings on slopes, continued
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well with previously published model tests. The authors’ results are larger than
previous theoretical results, however they believe this can be justified as current
theories underestimate the capacity of footing on slopes.
Saran, Sud and Handau (1989) used Limit Equilibrium Analysis and Limit Analysis
to develop analytical solutions to the ultimate bearing capacity of a shallow footing
located near a slope. The results are larger than those presented by researchers such
asMeyerhof (1957), Minzuno et al. (1960), and Chen (1975). This is due to different
assumptions, however the equations that Saran, Sud and Handau (1989) present are
extremely complex and are not likely to be used by consulting engineers.
Furthermore a discussion on this paper by Michalowski concludes that it is doubtful
the authors’ results are of any practical value.
Shields, Chandler, and Garnier (1990), developed empirical equations for the
ultimate bearing capacity factors for a footing located on top of a slope. This was
based on centrifuge tests and was done only for cohesionless soil. Again the bearing
capacity was larger than that based on classical theory, and shields in his closing
discussion on the paper calls into question classical theory.
Narita and Yamaguchi (1990) investigate the bearing capacity of a footing located
on a slope using the log- spiral analysis they developed for a footing on flat ground.
In this paper we see the normalised bearing capacity (
p
γB
) aswell as the strength ratio
used. It was concluded that this method overestimated results when compared to
upper bound and simplified bishop solutions. However for purely cohesive material
2.4 Footings on slopes, continued
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the results are much closer to previous results. Interestingly, these tests were only
conducted over a limited range of parameters.
Shiau et al. (2007) used non- linear programming to solve for the upper and lower
bound limits using finite elements. They studiedmany non-dimensional parameters,
such as:
 strength ratio, c
γB
;
 slope angle, β;
 footing location ratio, D/B;
 effect of surcharge,
q
γB
;
 slope height ratio, H/B; and
 the effect of footing roughness.
This study is comprehensive in terms of the effects it considers, however, it fails to
study each of these in enough depth to develop wide ranging design charts. It does
give a good indication of the trends in the data that result from using this method to
determine the ultimate bearing capacity, and hence can be used as a base for
comparison of results.
2.5 3-Dimensional Footing’s on slopes
Whilst there has been some work done on taking into account the true shape of a footing,
as opposed to using plane strain analysis for footing’s on flat ground, there has been little
work done for footings on slopes. Some of the work however, is summarised below.
Azzouz, and Baligh (1982) studied the three dimensional effects of footings on slopes,
however, they focused on the stability of such slopes with surcharge applied. They only
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studied a 3D strip footing and a square footing. They concluded that 3D effects can be quite
significant especially when the slope is already marginally stable.
Michalowski (1989) presented a paper entitled ‘Three-dimensional analysis of locally
loaded slopes’. However, he focuses more on determining the stability of the slopes and
not on methods for determining the bearing capacity. It was noted that when the slope is
not loaded the failure mechanism tends towards that of a 2D plane strain case.
Narita and Yamaguchi (1992) use a method of slices to determine the bearing capacity of
a 3D footing located on top of a slope. They limit their focus to determining the bearing
capacity factors, Nc, Nq, and Nγ. It can be seen from there results that as the length of the
footing is increased towards infinity and the 2D plane strain case, the factors decrease
towards the known 2D factors. However, like all methods of slices the final result is
dependant upon determining the correct failure surface, and can be subjective.
Buhan and Garnier (1998) use yield design theory to evaluate the ultimate bearing capacity
of a shallow rectangular footing located on top of a slope. Interestingly they believe that
the bearing capacity cannot be considered separately to slope stability analysis. Their
results were compared with lab tests conducted by Canepa and Despresles (1990). It was
found that Buhan and Garnier (1998) overestimate the bearing capacity when the footing
is away from the slope and underestimate it as the footing moves closer to the slope. Note
also that this study uses all the non-dimensional parameters that will be used in this
dissertation.
Michalowski, Dawson and Arbor (2002) investigate the use of the kinematic approach of
limit analysis to arrive at an upper bound solution, and the use of the numerical code
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FLAC3D to determine the ultimate bearing capacity of a 3D footing on slope problem. It
was concluded that the bearing capacity using the upper bound kinematic approach was an
overestimation, which results from the assumption of plane strain deformation. However,
the results from FLAC3D, whilst only limited results are reported, conformwell to current
research.
2.6 Need for Study
It has been shown that there has been extensive research done into the ultimate bearing
capacity of footings on flat ground. However, with this comes an abundance of different
answers, the real question is,which one is correct?Furthermore thework that has beendone
on footings on slopes is not as advanced as that for footings on flat ground, and there are
a number of failings in the research to date, namely:
 No one comprehensive method has been proposed and rigorously tested.
 Much of the work has been done for sand.
 No researcher has done a complete parametric study into this topic.
 Many researches still insist on using newmethods to develop new estimations
for the old bearing capacity factors which were originally developed for foot-
ing on flat ground.
 There ismuch focus on the old theoretical methodswhich are known to contain
incorrect assumptions and simplifications.
 This problem needs to be standardised so as to provide a clear direction for con-
sulting engineers across the world.
There are numerous reasons to study the bearing capacity of shallow footing located near
clay slopes, using the numerical software FLAC. This dissertation will provide some
insight into a relatively new method of calculating the ultimate bearing capacity, namely
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the use of several non-dimensional bearing capacity factors. It will also begin a
comprehensive study into this topic with the aim to eventually standardise the method of
calculating the bearing capacity of footings located near slopes.
2.7 Introduction to FLAC
There are numerous generic commercial numerical modelling programs available,
furthermore there are specific programs for the modelling of geotechnical engineering
problems these include:
 FEM;
 FLAC;
 GEOSTRESS;
 SOILSTRUCT;
 VERSAT-S2D; and
 PLAXIS.
For this project FLAC has been chosen, due to its availability at USQ, its power, and its
applicability to comprehensive parametric studies.
FLAC stands for Fast Lagrangian Analysis of Continua, and is an explicit finite difference
program. The finite difference technique is one of the oldest numerical techniques for
solving differential equations. Whilst formulated slightly differently to the more well
known finite element method the resulting equations can be shown to be equivalent.
Finite element programs use implicit matrix techniques to solve the problem, whereas
FLAC uses an explicit time marching scheme to solve the equations. FLAC uses the full
dynamic equations to model problems. This allows situations to be modelled more
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accurately. As FLAC uses the full equations of motion it is essential the user understand
the problem they are trying to solve to ensure the results are correct. This is one of the
pitfalls of FLAC, it requires experience to operate, however, the solutions it can generate
are some of the best in the field.
FLAC requires some initial conditions, from this the equations of motion are formulated,
and solved, resulting in new velocities and displacements for each of the elements. From
here stresses or forces are calculated using the stress- strain relationship. These are then fed
back into the equations ofmotion and the cycle repeats itself. Thismethod requires the time
step to be so small that the changes cannot propagate into surrounding elements over a time
step. The program ensures that the so called ‘calculational wave speed’ keeps ahead of the
physical wave speed, however, after several cycles, disturbances will propagate across
elements which is to be expected. The solution is stopped once convergence of certain
criteria has been reached. One of the main criteria is a force balance criteria which gives
an indication of the stability and accuracy of the solution.
The down side of FLAC and its time marching scheme is the solution time can be quite
large, however it is highly accurate and very good for non- linear systems, and systems that
exhibit instability. Therefore FLAC’s power is in its ability tomodel complex systemswell.
Whilst the footing on slope problem is not a hugely complex system FLAC will still be
used.
Effect of D/B
3.1 Introduction
The footing on slope problem is quite complex due to the two different modes of failure
that can occur, namely, a bearing capacity failure or a slope stability failure. As mentioned
in Chapter 1, a marginally stable slope is trivial to a study of this nature; as such a slope
has no real bearing capacity. However, it is important to determine at what point the slope
failure mechanism changes from a bearing capacity failure to a slope stability failure.
Hence one cannot totally avoid the topic of slope stability.
The aim of this chapter is to study the effect that changing the position of an infinitely long
strip footing, from the edge of the slope to a certain distance away, has on the bearing
capacity of a slope. In terms of the non-dimensional parameters introduced in Chapter 1,
this chapter will study the effect of the footing position ratio, the D/B ratio.
As we know from past research into footings on slopes the bearing capacity and the slope
stability depends upon a number of parameters, namely:
 cohesion ( c );
 friction angle (  );
3
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 soil unit weight ( γ );
 depth of embedment ( Df );
 slope angle ( β );
 slope height ( H );
 distance from edge of slope ( D );
 width of footing ( B ); and
 surcharge loading ( q ).
One of the major aims of this dissertation is to use various non-dimensional parameters,
which are a combination of the above parameters. The ones which are relevant to this
chapter are:
 strength ratio, c
γB
;
 slope height ratio, H/B;
 footing location ratio, D/B; and
 normalised bearing capacity,
p
γB
.
A statement of the problem is shown below in Figure 3-1
Figure 3-1. Statement of the problem
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Therefore in order to study the overall effect of D/B some of these parameters need to be
considered. As such, in this study the value of parameters will be as follows:
 H/B = 3;
 D/B = 1, 2, 3, 4, 5, 6, 7, 8, 9;

c
γB
= 0.5, 0.75, 1, 3, 5, 10, 15, 20, 25, 30;

p
γB
will be determined from the study;
 B = 0.6 m;
  = 0°, as we are only considering clay;
 γ = 1.962e4 kN/m3;
 Df = 0 m;
 β = 30°, 60°, 90°; and
 q = 0 kN/m.
Note that themain aim of this dissertation is to study various non-dimensional parameters.
As a result their values are set, and by setting some of the other values such as B = 0.6 m,
and γ = 1.962e4 kN/m3 which contribute to the non-dimensional parameters, other
parameters such as H, D, and c are indirectly set or varied accordingly. Note also that H/B
was set to 3 to ensure above- toe failure mechanisms were the only types that developed.
The next chapter will ascertain the effect of varying the slope height. Also the footing was
modelled as a smooth footing and linear small strain analysis was used.
3.2 The model
A typical FLACmodel used for this study is shown in Figure 3-2. The model was verified
by a previous project student Catherine Smith (2006).
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3--4Chapter 3 -- Effect of D/B
Apply velocity -1e- 7 m/s
Fix y-direction
Fix x-direction
Fix
x-direction
Figure 3-2. Typical FLAC mesh
The model consists of approximately 14400 elements; the footing ismodelled by applying
a velocity to the surface elements directly beneathwhere the footing would rest. Themodel
is then solved using FLAC double precision. The bearing capacity is calculated by
summing the vertical forces along footing nodes beneath the foundation.
To simplify the problem, the soil slope is assumed to be undrained following the Tresca
yield criterion with shear strength cu. However, as we will only use undrained shear
strength in this dissertation, cu will be referred to with the notation c.
3.3 Qualitative Results
The following section presents and analyses some of the qualitative results from the study,
namely the contour plots of the shear strain rate, which effectively shows the failure surface
profile. Other qualitative information collected include velocity vector plots, load vs time
and displacement vs time curves, and the unbalanced force vs time plot which shows how
well the result has converged.
3.3 Qualitative Results, continued
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3.3.1 90° Slopes
Figure 3-3 shows how the failure surface of a 90° slope changes as the strength of the
slope is increased whilst holding the footing position constant.
SR = 1
SR = 3
SR = 5
SR = 10
SR = 15
SR = 20
SR = 25
SR = 30
Figure 3-3. Contour plots of maximum shear strain rate ( D/B = 2, β = 90°, c
γB
varies )
These results show that at a strength ratio of 30, the bearing capacity failure
mechanism is on the cusp of changing from a slope failure to a flat ground failure.
This is interesting as it shows that depending upon the strength of the soil mass the
problem could be considered as a footing on slope problem or a flat ground bearing
capacity problem regardless of the footing position.
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Results for slopes with strength ratios of 0.5 and 0.75 have not been shown as it has
been found that these slopes are unstable hence there is no feasible solution for the
bearing capacity of unstable slopes.
Figure 3-4 shows how the failure surface varies as the footing position is changed for
a constant strength ratio.
D/B = 0
D/B = 1
D/B = 2
D/B = 3
D/B = 5
D/B = 6
D/B = 7
D/B = 8
D/B = 4 D/B = 9
Figure 3-4. Contour plots of maximum shear strain rate ( c
γB
= 5, β = 90°, D/B varies )
Figure 3-4 shows that as the footing ismoved away from the slope by increasingD/B
there is a change over point from a slope failure mechanism to a flat ground failure
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3--7Chapter 3 -- Effect of D/B
mechanism. This is what would be expected, however, what is interesting is the D/B
where this occurs. For the above case it occurs at D/B = 4/5, however for other
strength ratios it varies.
3.3.2 60° Slopes
Figure 3-5 shows how the failure surface of the slope changes as the strength of the
slope is increased whilst holding the footing position constant for a 60° slope.
SR = 1
SR = 3
SR = 5
SR = 10
SR = 15
SR = 20
SR = 25
SR = 30
Figure 3-5. Contour plots of maximum shear strain rate ( D/B = 2, β = 60°, c
γB
varies )
These results show that as the strength ratio increases for a set D/B there is a
considerable change in the shape of the failure surface initially, followed by only
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minor changes from strength ratio 10 onwards. It is interesting to note how the failure
surface moves from an at- toe failure at SR = 1 to approximately half way up the
slope, with a horizontal wave like profile. This horizontal wave like failure profile
was not evident in the 90° results.
Figure 3-6 shows how the failure surface varies as the footing position is changed for
a constant strength ratio.
D/B = 0
D/B = 1
D/B = 2
D/B = 3
D/B = 5
D/B = 6
D/B = 7
D/B = 8
D/B = 4 D/B = 9
Figure 3-6. Contour plots of maximum shear strain rate ( c
γB
= 5, β = 60°, D/B varies )
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As was seen in the 90° results there is a change over point from a slope failure
mechanism to a flat ground failure mechanism however the D/B where this occurs
has decreased from the 90° slope. It can also be seen that as the footing ismoved away
from the slope the failure surface extends down towards the toe of the slope, as one
would expect. Ultimately some familiar trends are starting to appear in thequalitative
results.
3.3.3 30° Slopes
Figure 3-7 shows how the failure surface of a 30° slope changes as the strength of the
slope is increased whilst holding the footing position constant.
SR = 1
SR = 3
SR = 5
SR = 10
SR = 15
SR = 20
SR = 25
SR = 30
Figure 3-7. Contour plots of maximum shear strain rate ( D/B = 2, β = 30°, c
γB
varies )
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Figure 3-7 shows that only a flat ground failure surface is present for the above case,
which shows that as the slope angle β is decreased the flat ground failure mechanism
is encountered at smaller values of D/B.
There is a bulge at the bottom left of each of the failure surfaces. This is due to
numerical effects and is a direct result of themesh arrangement used for the30° slope.
A new mesh has been designed and tested however the results have not been
recalculated.
The contour plot for c
γB
= 1 shows some unusual effects and this is due solely to
numeric instabilities; there are some issues with all the 30°models where c
γB
= 1. As
yet a solution to the problem has not been found. It should be noted that a strength
ratio of 1 is on the upper side of a stable slope and is therefore onlymarginally stable.
Hence, the result, whilst shown for completeness is of little practical significance.
The next figure shows how the failure surface varies as the footing position is
changed for a constant strength ratio slope.
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D/B = 0
D/B = 1
D/B = 2
D/B = 3
D/B = 5
D/B = 6
D/B = 7
D/B = 8
D/B = 4 D/B = 9
Figure 3-8. Contour plots of maximum shear strain rate ( c
γB
= 5, β = 30°, D/B varies )
Figure 3-8 shows that as the D/B ratio is increased past 1 the problem becomes a
footing on flat ground problem. This reinforces the results for the other slope angles
and shows that as the slope angle is decreased, the region where a footing can be
placed to cause a footing on slope failure decreases.
Note also that theD/B ratioswhere the change overs occur are relatively small,which
suggests that a footing on slope problem, whilst common in the real world, could be
easily turned into a traditional footing on flat ground problem bymoving the footing
only a small distance away from the edge of the slope.
3.4 Quantitative Results
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3.4 Quantitative Results
The bearing capacities calculated by FLAC for each of the 300 cases run were tabulated,
from which design charts could be created. The following sub- sections analyse the graphs
and design charts.
As mentioned previously, for each of the slope angles, D/B varied from 0 - 9 and for each
case the strength ratio was varied from 0.5 - 30. It was found that the strength ratios < 0.5
were completely unstable for all slope angles. However there is a change over point from
slope stability failure to slope bearing capacity failure as the strength ratio increases and
D/B increases. This result agrees with that of Shiau et al. (2007) in that both the strength
ratio and D/B that this occurs at, depends upon the slope angle. For example this occurs
at both a lower strength ratio andD/B for 30° slopes than for 60°and 90° slopes. Anexample
of this phenomenon is shown in Figure 3-9 where the 90° slope with strength ratio = 0.75
is unstable, hence no bearing capacity forD/B<3, yet stable and capable of carrying a small
additional load for D/B > 3. It should be noted however that it is of practical importance
that slopes of strength ratio ≤ 1 should be analysed using slope stability methods first;
whilst it may be stable in theory, it is only marginally stable and lacks the bearing capacity
to hold anything of practical significance.
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Figure 3-9. Change in normalised bearing capacity with footing location for
c
γB
= 0.75, and β = 90°
3.4.1 90° Slopes
A typical bearing capacity design chart for D/B is shown below in Figure 3-10, after
future work is completed into c- soils it will allow the user to determine the bearing
capacity of a footing located near a slope where, H/B = 3, c
γB
= 15, and β= 90°.Note
the general trend, as D/B increases the bearing capacity also increases. This is what
one would expect, as the footing is moved away from the slope the bearing capacity
increases.However, this increase is only up to a point, at which the failuremechanism
changes from a footing on slope failure to a flat ground failure mechanism. Then if
the footing is moved further again there is no additional capacity gained.
3.4 Quantitative Results, continued
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Figure 3-10. Change in normalised bearing capacity with footing location for
c
γB
= 15, and β = 90°
Figure 3-11. Change in normalised bearing capacity with footing location for
c
γB
= 1--30, and β = 90°
Figure 3-11 combines each of the individual strength ratio graphs like Figure 3-10
and presents the results for purely cohesive soils for each of the strength ratios
studied. It is interesting to note the rate of bearing capacity gain for each of the
strength ratios as the footing ismoved further from the slope. For high strength ratios
the rate of gain is much higher than for low strength ratio soils. Focus on the line for
strength ratio = 5 and notice that it begins to level off somewhere between D/B = 4/5,
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and compare these quantitative results with the qualitative results presented in
Figure 3-4. It can be seen in Figure 3-4 that the failure mechanism changes
somewhere between D/B = 4/5, which is reflected in the quantitative results.
Figure 3-12. Change in normalised bearing capacity with strength ratio for
D/B = 0 -- 9, and β = 90°
Figure 3-12 shows how the bearing capacity increases as the strength ratio increases
which is not unexpected. However, it is interesting that the resulting increase is linear
except for a small non- linear portion between c
γB
= 0-1. Similarly once the footing
has moved past D/B = 4 there is no real increase in bearing capacity as the footing
ismoved further away. Note the use of ‘real increase’. The actual results show a slight
increase, or a slight decrease, whilst there should be a complete levelling off of
bearing capacity once flat ground failure has occurred it did not always occur. Due
to unexplained numerical effects the results actually show a very slight variation and
it can therefore be hard to judge exactly where the failure mechanism changes over
regardless of what the qualitative results show.
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3.4.2 60° Slopes
A graph of the bearing capacity as the footing is moved away from the slope edge
is shown in Figure 3-13. Note the rate of increase in bearing capacity when compared
with Figure 3-10, which has the same strength ratio but is for a 90° slope. Figure 3-13
shows a much faster bearing capacity gain is achieved with a 60° slope than with a
90° slope.
Figure 3-13. Change in normalised bearing capacity with footing location for
c
γB
= 15, and β = 60°
Figure 3-14. Change in normalised bearing capacity with footing location for
c
γB
= 1--30, and β = 60°
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Figure 3-14 above combines the results for each of the strength ratios. This chart
shows a similar result to Figure 3-11 which is for a 90° slope, the main difference
being that flat ground failure is reached at a smaller D/B for each strength ratio than
was the case with the 90° slope.
Figure 3-15. Change in normalised bearing capacity with strength ratio for
D/B = 0 -- 9, and β = 60°
Figure 3-15 shows how the bearing capacity increases as the strength ratio increases.
Aswith the 90° results the shape of the graph is the same. The only notable difference
is the inclusion of D/B =3 in the flat ground failure category. Where previously with
a 90° slope D/B = 3was classed as being in the footing on slope failure category, now
by decreasing the slope angle the failure mechanism has changed to a flat ground
failure mechanism.
3.4.3 30° Slopes
Similar charts are presented for 30° slopes; however there are some issues with the
results, mainly stemming from the mesh that was used for the models. As shown in
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Figure 3-7 and Figure 3-8, there is significant bulging of the failure surface in its
lower left region, this has been put down to numerical effects caused by the use of
an incorrect mesh arrangement. This mesh arrangement has since been rectified,
however the results were not recalculated due to time constraints.
Figure 3-16 and Figure 3-17 show the results from the modelling of the 30° slopes
for strength ratio = 15 and 30. The charts show a rapid initial bearing capacity gain
followed by a peaking and a downturn which trails off and appears not to level out
as has been observed previously. The peaking could be explained by some, until now
undiscovered phenomena with low inclination slopes, however the trailing off and
lack of stabilisation in the results for the flat ground failure region, which is for D/B
> 2/3, suggests that there is a problem with the model. Initially it was thought that
the peaking was correct and the trailing off was due to the mesh arrangement,
however comparison with the other slope angles for the same strength ratio produced
the answer. Figure 3-18 compares the change in normalised bearing capacity with
D/B for the 3 slope angles with a strength ratio of 15. It shows that the 60° and 90°
results converge to a similar value for D/B > 5, however the 30° result is significantly
different. Given that the flat ground bearing capacity should be independent of the
slope angle, it can be concluded that the 30° results are incorrect, and it is most likely
due to the use of an incorrect mesh arrangement.
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Figure 3-16. Change in normalised bearing capacity with footing location for
c
γB
= 15, and β = 30°
Figure 3-17. Change in normalised bearing capacity with footing location for
c
γB
= 30, and β = 30°
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Figure 3-18. Change in normalised bearing capacity with footing location for
c
γB
= 15
Figure 3-19 shows the peaking and trailing off that was mentioned above, albeit less
pronounced due to the vertical scale.
Figure 3-19. Change in normalised bearing capacity with footing location for
c
γB
= 1--30, and β = 30°
Figure 3-20 reinforces that there are errors in the 30° results as there are 4 distinct
lines, each representing a collection of D/B values, however the results show that the
bearing capacity increases rapidly then decreases the further you move away from
the slope, which is physically and theoretically inaccurate.
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Figure 3-20. Change in normalised bearing capacity with strength ratio for
D/B = 0 -- 9, and β = 30°
3.4.4 Overall
Figure 3-21. Slope influence for various slope angles and strength ratios
Figure 3-21 summarises the findings from the D/B study in a chart that shows the
point where the bearing capacity failure mechanism changes from a footing on slope
failure to a footing on flat ground mechanism. Furthermore the region above each
of the lines represents the D/B ratio where the slope no longer has an effect on the
bearing capacity. Ultimately, in this region one could use classical theories to
3.4 Quantitative Results, continued
3--22Chapter 3 -- Effect of D/B
determine the flat ground bearing capacity, however, it has been proved already that
classical theories give conservative results. Similarly the region below the lines
represents the D/B ratios where the problem is a footing on slope problem. In this
lower region the design should be undertaken using the design charts presented in the
preceding sections, note that these charts are only for purely cohesive slopes with a
H/B ratio of 3. A full collection of design charts can be found in Appendix B
3.5 Problems and Issues
Users of FLACneed to takeparticular carewhenmodelling a situation such as this to ensure
that the failure surface is completely encapsulated within the model.
Users also need to take note of the number of elements they are using in the models. A test
into the number of elementswas conducted and the results are shown below in Figure 3-22.
The graph shows that in the case tested FLAC approaches the solution from below.
However there is only a slight increase in the normalised bearing capacity once the number
of elements increases past approximately 14000. Note also that an additional test was done
with 492480 elements however the result would not converge fully within several hours
and the result was excluded.
The result shown in Figure 3-22 is in disagreement with Smith (2006) who showed that
FLAC approached the solution from above, the major differences in Smith’s test was that
it was conducted on c- material with c
γB
= 5,  = 40, and it was for flat ground failure.
This means that FLAC can approach the solution from either above or below; however,
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both results agree that a mesh with > 14000 elements will not decrease the error
significantly.
Figure 3-22. Variation in normalized bearing capacity with mesh fineness
The importance of mesh arrangement has also been highlighted with the problem
encountered when modelling the 30° slope. The incorrect mesh that was used to obtain the
results is presented below in Figure 3-23. Beneath it is the new mesh that was developed
to overcome the issues discussed above. Note the orientation and the skewor lack of in each
of themeshes. Figure 3-23 has amesh which is heavily skewed through themodelwhereas
Figure 3-24 has a mesh that is only skewed near the slope. It was this skew that caused the
problems highlighted above. It is recommended that the mesh arrangement used in
Figure 3-23 be used for slopes angles > 45° and Figure 3-24 be used for slope angles less
than this.
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3--24Chapter 3 -- Effect of D/B
Figure 3-23. Incorrect mesh arrangement for shallow slope angles
Figure 3-24. Correct mesh arrangement for shallow slope angles
3.6 Conclusions
It has been shown in this chapter how the bearing capacity of a slope is affected by the
footing position, namely D/B. However, due to the complex nature of the system, D/B is
not the only factor that required examination, hence it was also found that for a given D/B
the bearing capacity increases linearly from c
γB
= 1 onwards.
It was also found that as the footing is moved away from the slope for any given c
γB
> 1
there is a sharp increase in bearing capacity followed by a levelling off as the slope no
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longer has an effect upon the bearing capacity. Figure 3-21 illustrates at whatD/B the slope
no longer has an effect upon the bearing capacity, for various slope angles.
There have also been numerous charts presented that can be used by a design engineer to
determine the bearing capacity of a footing on slope problem, given H/B = 3 and the soil
is purely cohesive. Similarly the charts could also be used to determine the flat ground
bearing capacity. All results and charts for this chapter are presented in Appendix B for
further examination.
Effect of H/B
4.1 Introduction
The aim of this chapter is to study the effect that changing the vertical height of a slope has
on its bearing capacity. Further, the range of design charts developed in Chapter 3 will be
expanded to account for this additional parameter.
It was found in Chapter 3 that the bearing capacity of a slope was affected by the location
of the footing in relation to the slope. However, this study was conducted with H/B = 3,
with the assumption that this would cause above- toe failure in all cases. This was not
always the case, as such the effect of the slope height needs to be quantified, and also
qualified with regards to the type of failure mechanisms that occur. In terms of the
non-dimensional parameters introduced in Chapter 1, this chapter will study the effect of
the slope height ratio, H/B.
The non-dimensional parameters which are relevant to this chapter are:
 strength ratio, c
γB
;
 slope height ratio, H/B;
 footing location ratio, D/B; and
4
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 normalised bearing capacity,
p
γB
.
A statement of the problem is shown below in Figure 4-1.
Figure 4-1. Statement of the problem
Therefore in order to study the overall effect of H/B some of these parameters need to be
considered. In this study the value of parameters will be as follows:
 H/B = 0, 0.55, 1.09, 2.18, 3.27, 4.36, 5.45, 6.55, 7.64, 8.73, 9.82, 10.91;
 D/B = 0, 2.18, 4.36, 6.55, 8.73;

c
γB
= 2.18, 5.45, 10.91, 20.82;

p
γB
will be determined from the study;
 B = 0.55 m;
  = 0°, as we are only considering clay;
 γ = 1.962e4 kN/m3;
 Df = 0 m; and
 β = 30°, 60°, 90°.
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Note that H, D, and c, will be varied accordingly to ensure that the study is conducted
according to the parameters outlined above. The footing wasmodelled as a smooth footing
and linear small strain analysis was used.
4.2 Failure Mechanisms
The footing on slope problem is quite complex due to the two different modes of failure
that can occur, namely, a bearing capacity failure or a slope stability failure. Whilst a
marginally stable slope is trivial to a study of this nature, it is interesting to determine the
point at which an unstable slope becomes stable. The study into H/B has allowed the
classification of the various failure mechanisms and quantified their cut- off points.
The major issue with the creation of the following charts was the creation of a continuous
region from discrete data. To overcome this it was assumed that the discrete regions
extended half way into the gap between the adjacent discrete regions. This means that
footings that lie on a boundary between two continuous regionsmay fail with either failure
mechanism. However, this is not amajor problem as considerable insight can still be gained
from the shape of the various regions.
The following sub- sections examine some of the failure mechanism charts developed. The
entire collection is shown in Appendix C.
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4.2.1 90° Slopes
UNSTABLE
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure 4-2. Failure Mechanisms for c
γB
= 2.18, and β=90°
Figure 4-2 shows the 3 different failure mechanisms, slope stability failure, bearing
capacity failure and flat ground failure. The bearing capacity failure region has been
sub-divided according to where the failure surface intersects the slope face. In all
cases studied, the intersection point was either at the toe, or above the toe of the slope.
Interestingly no failure surfaces intersected below the toe of the slope.
The shape of the various regions in Figure 4-2 are interesting, as one would expect,
the flat ground failure mechanism exists for all D/B when the H/B = 0, which
corresponds to when there is no slope. The flat ground failure region then grows as
the footing ismoved away from the slope and the slope height is increased, intuitively
this is to be expected.
The at- toe failure region is small when the footing is close to the slope, it grows as
the footing ismoved away from the slope up toD/B= 4.5, where is begins to decrease
rapidly and it appears to become nonexistent at D/B¶ 9.
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An interesting observation is the failuremechanism observed asD/B is held constant.
When D/B is small all 4 mechanisms are observed, however, after D/B¶ 4.5 the
slope no longer fails above the toe. Similarly, it appears that for D/B > 9 the slope
is either unstable or the bearing capacity is independent of the slope.
Furthermore if H/B is held constant at 5 and D/B is increased from 0, the slope
appears to be unstable initially, stable and failures above the toe, then fails at the toe,
and finally it becomes unstable as D/B is increased further. This shows that the
assumption inChapter 2 that the failuremodewill be the same for allD/B is incorrect.
In fact, it varies, and as seen in Figure 4-2 it can vary in numerous ways.
Intuitively it would be expected that the slope failure mechanism asD/B is increased
would follow the path of, unstable - above toe - at toe - flat ground failure, however
this is not always the case. The same can be said when D/B is constant and H/B is
varied, one would expect as H/B is increased the failure mechanism would follow
the path of, flat ground - at toe - above toe - unstable. However, depending on D/B
this is not always the case.
Figure 4-2 highlights the complexities of the footing on slope problem, and brings
into question some of the simplifications made by early researchers which were
based upon intuitive reasoning.
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AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure 4-3. Failure Mechanisms for c
γB
= 10.91, and β=90°
Figure 4-3 shows the failure mechanism extents for a stronger soil mass, compared
to Figure 4-2 for a weaker soil mass. The results for the stronger soil mass tend to
agree more with intuitive reasoning; however, the results for the weaker soil mass
cannot be discounted. If the slope height was increased further it is questionable
whether the overall picture would tend towards Figure 4-2. Regardless of this
unknown, it is interesting to notice the variation in the respective rates of change
between the different failure mechanisms for each of the 90° figures presented.
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AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure 4-4. Failure Mechanisms for c
γB
= 21.82, and β=90°
4.2.2 60° Slopes
UNSTABLE
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure 4-5. Failure Mechanisms for c
γB
= 2.18, and β=60°
Figure 4-5 shows the failure mechanism extents for a 60° slope of relatively low
strength. It is quite similar to Figure 4-2 and therefore adds further weight to the
argument that stability of a slope is not independent of the footing position. It would
be expected that the point of instability of a slope would be at a constant H/B for all
D/B. However, a higher slope is seemingly stable at low D/B values and unstable
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when the footing is moved away from the slope. This suggests that the slope must
be marginally stable, therefore when additional weight is added at the edge of the
slope it causes a localised failure, however when load is applied some distance away
from the edge the additional force triggers widespread instability as opposed to
localised bearing capacity failure. Note that this phenomenon is only present in low
strength soils.
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure 4-6. Failure Mechanisms for c
γB
= 21.82, and β=60°
Figure 4-6 is typical of the charts for soils with a strength ratio > 2.18, and is more
representative of conventional thought with regards to failure mechanism evolution.
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4.2.3 30° Slopes
UNSTABLE
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure 4-7. Failure Mechanisms for c
γB
= 2.18, and β=30°
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure 4-8. Failure Mechanisms for c
γB
= 5.45, and β=30°
Figure 4-7 and Figure 4-8 show the failure mechanism extents for a low strength soil
and a typical high strength soil respectively. The results shown for low strength 90°
and 60° slopes are reinforced by Figure 4-7. Similarly the trend towards a larger flat
ground failure region as the slope angle decreases is shown by Figure 4-8.
4.2 Failure Mechanisms, continued
4--10Chapter 4 -- Effect of H/B
4.2.4 Conclusions
From these charts above we can conclude that due to the multi- dimensional
complexity of the footing on slope problem, and the way the non-dimensional
parameters combine to produce results that disagree with what one would intuitively
expect, the assumptions made by researchers such as Meyerhoff are only valid for
a small subset of footing on slope problems. A continuous mathematical equation
which encompasses the entire range of possible slope combinations for purely
cohesive soils simply cannot exist. Furthermore, the need for awidespread study into
all the parameters at once is highlighted by the results presented above, particularly
for soils of low to medium strength.
Further work should also be done to investigate the validity of the results for low
strength soils whereby increasing D/B can cause some stable slopes to become
unstable.
4.3 Effect on the Bearing Capacity
The following sections will present the quantitative results of the study into the effect of
H/B. The first section will directly show the effect on the normalised bearing capacity as
the slope height in increased.
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4.3.1 90° Slopes
Figure 4-9. Change in normalised bearing capacity with slope height for
c
γB
= 2.18, and β = 90°
Figure 4-9 confirms an intuitive belief that as the slope height increases the bearing
capacity will decrease. Similarly, this increase can only go so far, after which the
slope becomes unstable, as can be seen for H/B> 7 in Figure 4-9. Note themagnitude
of the reduction in the bearing capacity is lessened as the footing is moved further
away from the slope. However, as Figure 4-10 shows, this reduction in bearing
capacity as H/B increases is further reduced in magnitude as the strength ratio
increases. Ultimately for medium to strong clay there is no further reduction in the
normalised bearing capacity for H/B> 3. This levelling off phenomenoncorresponds
to a region of above- toe failure mechanisms, whereby nearly identical failure
profiles develop resulting in the same amount of shear force being mobilised and
hence nearly identical normalised bearing capacities.
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Figure 4-10. Change in normalised bearing capacity with slope height for
c
γB
= 10.91, and β = 90°
4.3.2 60° Slopes
Figure 4-11. Change in normalised bearing capacity with slope height for
c
γB
= 2.18, and β = 60°
The 60° results show a similar trend to that of the 90° results. Interestingly in
Figure 4-11 the normalised bearing capacity of footingswithD/B> 4.4 shows a rapid
decrease in bearing capacity at a slope height much less than that of a footing closer
to the slope. This may be further evidence of the instability at high D/B and stability
at low D/B for the same H/B noted above in Section 4.2.
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Figure 4-12. Change in normalised bearing capacity with slope height for
c
γB
= 10.91, and β = 60°
4.3.3 30° Slopes
Figure 4-13. Change in normalised bearing capacity with slope height for
c
γB
= 2.18, and β = 30°
The 30° results for this study have the same mesh problems that were experienced
in the D/B study, as the mesh problem was not detected before this study was
completed. However, whilst Figure 4-13 shows a footing closer to the slope has a
higher bearing capacity than that of a footing on flat ground, which is known to be
incorrect the general trend in the data is still valid.
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Notably the effect of H/B is only felt by D/B = 0 for H/B < 5. The H/B value at which
the slope becomes unstable increases as the slope angle decreases. Furthermore, the
trend in the results as the strength of the soil is increased reflects that previously seen
for steeper slope angles.
Figure 4-14. Change in normalised bearing capacity with slope height for
c
γB
= 10.91, and β = 30°
4.3.4 Conclusions
The conclusion can be drawn from the above charts that the direct effect of slope
height on thenormalised bearing capacity of the slopedepends uponboth the strength
of the soil ( c
γB
), and the footing position ( D/B ). For low strength soils the effect
of slope height is experienced by stable slopes for larger D/B values than formedium
to high strength soils. Similarly, for high strength soils, provided the slope remains
stable, for H/B > 4 there is almost no effect on the bearing capacity from the slope
height for all slope angles due to an above- toe failuremechanism developing.Hence,
the assumption of H/B = 3 in the study into D/B was valid for c
γB
> 10, as is can be
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observed that this is the lowest bearing capacity for each case. However, for c
γB
< 10,
H/B = 3 does not produce the most conservative bearing capacity, conversely, H/B
should not be increased past 4 for low strength slopes in order to obtain the safest
design load as instability and therefore non- linear effects will adversely influence
the results. Hence, for low strength slopes H/B = 3 was not the safest, in terms of
normalised bearing capacity, yet it was an appropriate choice given the proximity of
H/B = 3 to the limit where instability begins to take effect.
Further work should also be done to investigate the validity of the results for low
strength soils whereby increasing D/B can cause some stable slopes to become
unstable. It is also questionable whether an unstable or marginally unstable slope can
have a bearing capacity, and also what constitutes a marginally unstable slope. It is
still not yet known whether once slopes begin to rapidly reduce in bearing capacity,
implying the onset of instability, if they have no bearing capacity at all, as suggested
by Buhan and Garnier (1998, fig. 8). Therefore, whilst numerically a slope on the
stable side of instability may have some bearing capacity, further investigation is
required to validate the numerical result, especially considering the practical
meaning of such an assertion.
4.4 Effect in relation to D/B
The effect on the bearing by increasing the slope height is examined in this section for all
footing positions. One would expect that regardless of the slope height at a large D/B the
results should converge to a single flat ground bearing capacity. Indeed for large strength
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ratios this is the case, however, it is once again the lower strength ratios that produce
interesting results.
4.4.1 90° Slopes
Figure 4-15. Change in normalised bearing capacity with footing location for
c
γB
= 2.18, and β = 90°
Examining the results shown above one can see that in Figure 4-15 the bearing
capacity of the footings tend towards that of flat ground represented by H/B = 0, for
H/B ± 4.36. The rate of bearing capacity increase with D/B is related to the slope
height, with higher slopes experiencing a lower rate of bearing capacity gain than
lower slopes. Interestingly for slopes with H/B > 4.36 the theoretical flat ground
bearing capacity is never reached when c
γB
= 2.18. In fact the bearing capacity
appears to level off at a significantly decreased value. One would expect that if D/B
was increased
p
γB
would also increase up to the flat ground capacity, even if not in
the study area perhaps beyond D/B = 10. Even if that was the case one would expect
that this trend would have been reflected in lower H/B slopes at reduced D/B values,
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however this isn’t the case. The question must then be asked where these lines are
heading. Are they in fact levelling off, going to decrease or increase, and what is
causing this unexpected behaviour? It would appear that there are some non- linear
slope stability effects causing this unexpected behaviour.
Figure 4-16. Change in normalised bearing capacity with footing location for
c
γB
= 10.91, and β = 90°
As the strength ratio increases the results are as expected, as D/B increases
p
γB
increases up to the flat ground bearing capacity regardless of H/B. Not surprisingly
the rate of increase in dependent uponH/B, with lower H/B ratio slopes experiencing
a higher rate of bearing capacity gain than high H/B ratio slopes.
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4.4.2 60° Slopes
Figure 4-17. Change in normalised bearing capacity with footing location for
c
γB
= 2.18, and β = 60°
The 60° results are quite similar to 90° albeit with similar differences akin to the ones
reported in Chapter 3 and previously in this chapter. Ultimately the effect of H/B is
lessened as the slope angle decreases. Figure 4-17 shows similar trends as
Figure 4-15 however, we can see that the flat ground bearing capacity is achieved at
a lower D/B than was the case in Figure 4-15. Similarly slopes with H/B > 4.36
appear to be decreasing in strength towards D/B = 10which would suggest that these
slopes are marginally stable and the effects reported on in Section 4.2 (namely
marginally stable slopesbeing stable at lowD/B ratios yet unstable at highD/B ratios)
would appear to be happening in this case.
As the strength ratio is increased, as shown in Figure 4-18 these non- linear effects
caused by marginally stable slopes disappear and the trends in the data are clear.
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Figure 4-18. Change in normalised bearing capacity with footing location for
c
γB
= 10.91, and β = 60°
4.4.3 30°
The 30° results suffered from the same problems experienced in Chapter 3’s D/B
study, namelymesh effects due to an incorrectmesh arrangement.Whilst a newmesh
arrangement has been developed it had not been developed when these results were
generated, hence the error is still present. Despite the erroneous results the trends are
still evident and qualitative conclusions can be drawn. Figure 4-19 shows a similar
result to Figure 4-17 and Figure 4-15, for H/B > 4.36 the bearing capacity begins to
decrease for high D/B values, which reinforces the assumption that such slopes are
unstable. Note that qualitatively the graphs for 30° appear to be a translation of the
60° and 90° graphs to the left.
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Figure 4-19. Change in normalised bearing capacity with footing location for
c
γB
= 2.18, and β = 30°
Figure 4-20. Change in normalised bearing capacity with footing location for
c
γB
= 10.91, and β = 30°
Figure 4-20 shows that the normalised bearing capacity of a relatively strong 30°
slope is independent of H/B. This conclusion means that if a footing is placed near
a slope, provided the batter is cut to 30° the bearing capacity will stay unchanged if
the toe is excavated lower, provided it is excavated at 30°.
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4.4.4 Conclusions
The results confirm intuitive theories that regardless of H/B if D/B is increased the
normalised bearing capacity will eventually reach the flat ground bearing capacity
for stable slopes. Once slopes begin to become unstable the bearing capacity drops
and any results are unreliable. For the majority of cases examined the intuitive
theories hold true.
As the slope angle is decreased the bearing capacity gain with increasing D/B,
increases, such that for 30° slopes of moderate strength the bearing capacity is
independent of H/B up to H/B = 10. It is expected however, that this trend will
continue for all H/B.
4.5 Effect in relation to Strength Ratio
4.5.1 90° Slopes
Examining just the results for a 90° slope in relation to varying strength ratio we see
the same linear trend found in the D/B study in Chapter 3. Figure 4-21 shows that
when the footing is close to the slope there is a significant difference in bearing
capacity between the lowH/B slopes. For example Figure 4-21 shows the flat ground
bearing capacity ( H/B = 0 ) is significantly different from all other H/B values,
however for H/B > 1.09 the bearing capacity is only a function of strength ratio and
not H/B.
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Figure 4-21. Change in normalised bearing capacity with strength ratio for
D/B = 0, and β = 90°
Figure 4-22. Change in normalised bearing capacity with strength ratio for
D/B = 2.18, and β = 90°
Interestingly Figure 4-22 shows that as the footing is moved away from the slope the
distinction between the bearing capacity of different height slopes becomes clearer,
notably there is not a significant difference in bearing capacity between flat ground
and H/B = 10, as there was with D/B = 0. This distinction is reduced further as D/B
increases as shown by Figure 4-23.
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Figure 4-23. Change in normalised bearing capacity with strength ratio for
D/B = 4.36, and β = 90°
Figure 4-24. Change in normalised bearing capacity with strength ratio for
D/B = 6.55, and β = 90°
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Figure 4-25. Change in normalised bearing capacity with strength ratio for
D/B = 8.73, and β = 90°
These graphs show that as D/B increases
p
γB
is a function of c
γB
only for each slope
angle, except for a small portionwhere the strength ratio is low.This small non- linear
portion is only relevant to slopes with H/B > 5.45 and c
γB
< 3, and hence these cases
can be ignored as such slopes are not of practical importance.
4.5.2 Conclusions
Similar results can be seen for 30° and 60° slopes in Appendix C. This section shows
that the linear relationship between normalised bearing capacity and strength ratio
still holds for all H/Bprovided the slope is stable. Furthermore, these results reinforce
previous results with regards the D/B values where the failure mechanism changes
from footing on slope failure to a flat ground failure.
4.6 Problems and Issues
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4.6 Problems and Issues
The main problem experienced in this study highlighted the need for experience when
using FLAC. As examined in Section 3.2 the footing is modelled by applying a velocity
to the nodes of each element directly under the imaginary footing. In this case the footing
was 0.6 m which required 12, 0.05 m elements underneath it. Instead of applying 13
velocity vectors to the nodes of the 12 elements, only 12 velocity vectorswere applied. This
resulted in the footing width having to be changed after all runs were completed, and all
results corrected, causing the non- integer H/B, D/B and c
γB
ratios that have been reported
on. Ultimately this problem was discovered and corrected, however FLAC requires
vigilance to operate correctly
4.7 Conclusions
It has been shown in this chapter how the bearing capacity of a slope is affected by the slope
height, namely H/B. However, due to the complex nature of the systemH/B is not the only
factor that required examination; it was also found that H/B, D/B and also c
γB
needed
studying.
It was found that as the height of the slope was increased the bearing capacity of the slope
decreased up to a point where the slope became unstable, which resulted in a rapid decrease
in bearing capacity. Similarly, it was also found that for low strength slopes the slope can
be stable for low D/B ratios and as the footing is moved away from the slope the slope
becomes unstable. Ultimately, whether this is a numerical phenomena or a realistic
representation, it requires further investigation as it has never been observed before.
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There have also been numerous charts presented that can be used by a design engineer to
determine the bearing capacity of a footing on slope problem for a plane strain situation
where the soil is purely cohesive. Similarly the charts could also be used to determine the
flat ground bearing capacity. An entire collection of design charts as well as results can be
found in Appendix C
Effect of L/B
5.1 Introduction
Traditionally the footing on slope problem, likemost geotechnical problems, has only been
considered in 2-Dimensions, specifically using an infinitely long strip footing. However,
in real life no such footings exist, so there is a real need to gauge the effect on the bearing
capacity of a slope from a 3-Dimensional perspective. ThisChapter aims to study the effect
that changing the length of the footing has on the bearing capacity of the slope. Further,
the range of design charts developed in Chapters 3 and 4 will be expanded to account for
this additional parameter.
It was found inChapter 4 that H/B = 3was the best slope height ratio to use whenmodelling
a wide range of strength ratios, however in this study H/B = 5 was used, firstly to try a
different H/B ratio and secondly to provide a different set of results for comparison to the
2-Dimensional results. In terms of the non-dimensional parameters introduced in Chapter
1, this chapter will study the effect of the footing length ratio, L/B.
The non-dimensional parameters which are relevant to this chapter are:
 strength ratio, c
γB
;
5
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 slope height ratio, H/B;
 footing location ratio, D/B;
 footing length ratio, L/B; and
 normalised bearing capacity,
p
γB
.
A statement of the problem is shown below in Figure 5-1.
P
Small Strain Analysis
Smooth Footing
Figure 5-1. Statement of the problem
Therefore in order to study the overall effect of L/B some of these parameters need to be
considered. In this study the value of parameters will be as follows:
 L/B = 2, 4, 6, 8, 10, 12, 16, 20, Plane Strain;
 D/B = 0, 1, 2, 3, 4, 5;

c
γB
= 1, 2, 3, 5, 10, 15, 20, 25, 30;
 H/B = 5;

p
γB
will be determined from the study;
 B = 1 m;
  = 0°, as we are only considering clay;
 γ = 1.962e4 kN/m3;
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 Df = 0 m; and
 β = 90°.
Note that L, D, and c, will be varied to ensure that the study is conducted according to the
parameters outlined above. The footing was modelled as a smooth footing and linear small
strain analysis was used.
5.2 The Model
In order to study the 3-Dimensional effects of L/B, FLAC3D was used. Like FLAC2D it
is a numeric finite difference program with the only major difference being the ability to
model 3-Dimensional situations. A new model was created in FLAC3D, and utilising
symmetry in order to save on computation time the footing was modelled as a half footing
with the length of the footing halved and the fixity of the symmetric plane set accordingly.
A typical model is shown below in Figure 5-2.
Note that the far boundary in the x-direction is 2.5 times the footing width ( B ) plus the
footing length ( L ) from the symmetric plane. The right boundary in they-direction is three
times the footing width ( B ) behind the footing. This was done to minimise memory
requirements and computation times.
5.2 The Model, continued
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Fix X,Y,Z Directions
Fix X,Y,Z Directions
Fix X Direction
Apply Velocity 2.5e- 5 m/s
Figure 5-2. FLAC3D Model
5.3 Verification
Before the model could be used it first had to be verified, as the 2D model had been
adequately verified by Smith (2006) this model could be verified against the 2D results
already presented in this dissertation. In order to do this H/B = 3 was used for the
verification models, whereas H/B = 5 was used for all other cases.
Firstly the mesh fineness was modified for various L/B and D/B to determine the effect of
mesh fineness. The clay situation tested for the 2D case showed FLAC approaching the
solution from below, and this was in disagreement with Smith (2006) who for a c-
material showed FLACapproaching the solution from above. For FLAC 3D it was decided
numerous cases needed to be tested to determine if there is a general trend one way or
another, or whether the trend is case specific. Therefore the following situations for a 90°
clay slope were tested:
 L/B = 4, 12;
 D/B = 1, 4;
5.3 Verification, continued
5--5Chapter 5 -- Effect of L/B

c
γB
= 10;
 H/B = 3;
 Element Size = 0.5, 0.25, 0.2, 0.1, 0.05 m; and
 B = 1 m.
The results are shown below, noticeably all situations show the solution approaching from
above, this is not preferred as the solution obtained is not a conservative solution, however
this cannot be avoided. Once the element size is reduced from 0.1m to 0.05m the resulting
change in normalised bearing capacity is relatively low. Similarly, it is virtually impossible
to use a 0.05 m element as the memory requirements are too big for computers with 1GB
of RAM to handle, and secondly the computation time is several hours. The decision was
made to use an element size of 0.2 m as this would result in adequate solutions as well as
reasonable results. Regardless of the numerical results all the results would be skewed by
a similar amount, hence the relative difference would be of more importance than the
quantitative results.
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Figure 5-3. Variation in normalised bearing capacity with mesh fineness, D/B = 1,
L/B = 4
Table 5--1. Variation in normalised bearing capacity with mesh fineness, D/B =1,
L/B = 4
Figure 5-4. Variation in normalised bearing capacity with mesh fineness, D/B = 1,
L/B = 12
Table 5--2. Variation in normalised bearing capacity with mesh fineness, D/B = 1,
L/B = 12
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Figure 5-5. Variation in normalised bearing capacity with mesh fineness, D/B = 4,
L/B = 4
Table 5--3. Variation in normalised bearing capacity with mesh fineness, D/B = 4,
L/B = 4
Figure 5-6. Variation in normalised bearing capacity with mesh fineness, D/B = 4,
L/B = 12
Table 5--4. Variation in normalised bearing capacity with mesh fineness, D/B = 4,
L/B = 12
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After adopting a 0.2 m 3D cubical element, L/B was varied from 2 - 20 and finally a
3-Dimensional plane strain model was developed and tested, the results are shown below
in Figure 5-7. The corresponding 2-Dimensional plane strain values are also plotted and
the results show a large variance, as detailed in Table 5-6. The difference can mainly be
attributed to the difference in element size as when the 3D plane strain results were tested
for a 0.05 m element size the variation was more acceptable as shown in Table 5-7.
However, due to the memory requirements the models cannot be created with such a small
element. Therefore there is a good argument for using just the relative difference between
the values to create a multiplication factor for the 2-Dimensional plane strain results to
obtain more correct L/B results.
Figure 5-7. Variation in normalised bearing capacity with L/B, H/B = 3, c
γB
= 10,
with 0.2 m element size
5.3 Verification, continued
5--9Chapter 5 -- Effect of L/B
Table 5--5. Normalised bearing capacity, H/B = 3, c
γB
= 10, β = 90°, with 3D
0.2 m element size, and 2D 0.05 m element size
Table 5--6. 3D and 2D Plane Strain normalised bearing capacity comparison, with
3D 0.2m element size, and 2D 0.05 m element size
Table 5--7. 3D and 2D Plane Strain normalised bearing capacity comparison, with
3D 0.05m element size, and 2D 0.05 m element size
5.4 Qualitative Results
One of the major steps in the verification process is to examine the failure surfaces in
3-Dimensions to evaluate, in a visual sense, the validity of the results. The plots of velocity
contours are shown below in Figure 5-8 and the results as L/B is varied from 2 - Plane
Strain, show some interesting features. The failure surface indicates a footing on flat
ground failure for L/B= 2, yet a footing on slope failure for L/B = 4, and beyond. The shape
of the failure surface on the symmetric face is consistent with the 2-Dimensional results.
The shape on the front face of the slope is interesting to note. It appears to be a quadrant
of a circle with a horizontal tangent plane intersecting the lowest point of the quadrant.
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L/B = 2
L/B = 4
L/B = 6
L/B = 8
L/B = 10
L/B = 12
L/B = 16
L/B = 20
Plane Strain
Figure 5-8. Variation in Velocity Contours with L/B, D/B = 2, c
γB
= 10, H/B = 5
The plane strain case is as expected, and on a whole the qualitative results appear to be
correct and consistent with expectations.
5.5 Variation with L/B
The variation in normalised bearing capacity with footing length ( L/B ) for various
strength ratios is shown in the graphs below. The most interesting result is that there is a
significant increase in bearing capacity as the footing length is reduced from an infinitely
long plane strain footing to a 3-Dimensional footing. The variation in bearing capacity is
a function of strength ratio and footing position.
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Figure 5-9. Variation in normalised bearing capacity with L/B, D/B = 0, H/B = 5
Figure 5-10. Variation in normalised bearing capacity with L/B, D/B = 1, H/B = 5
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Figure 5-11. Variation in normalised bearing capacity with L/B, D/B = 5, H/B = 5
Figure 5-10 for D/B= 1 shows the largest of all increases in bearing capacity from the plane
strain case to L/B = 2. This would appear to be a result of the transition to a footing on flat
ground problem somewhere between L/B = 4 and L/B = 2.
With the addition of an extra dimension to the problem the classification of the failure type
becomes more complex, as it can been seen that a slope can be unstable, fail as a footing
on slope problem or a footing on flat ground problem for a seemingly endless combination
of L/B, D/B, H/B and c
γB
. The interaction between the difference parameters when isolated
is simple, however the overall complexity of the combined interactions is very high
5.6 Variation with SR
As seen in all previous studies the relationship between normalised bearing capacity and
strength ratio is still linear for 3-Dimensions. The graphs show that as L/B is increased
towards infinity the distinction between the bearing capacity of different footing positions
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becomes more defined. For L/B = 2 as shown in Figure 5-12 it can be seen clearly that the
failure mechanism is a flat ground failure mechanism.
Figure 5-12. Variation in normalised bearing capacity with c
γB
, L/B = 2, H/B = 5
By comparing Figure 5-12 with Figure 5-14 it can also be seen that the bearing capacity
is significantly reduced as L/B is increased. This finding is also supported by the graphs
shown in Section 5.5.
Figure 5-13. Variation in normalised bearing capacity with c
γB
, L/B = 16, H/B = 5
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Figure 5-14. Variation in normalised bearing capacity with c
γB
, L/B = 20, H/B = 5
Overall the relationship between normalised bearing capacity and strength ratio continues
to be linear regardless of L/B. However, there is a change in the gradient of the lines;
generally the gradient is indirectly proportional to L/B.
5.7 Variation with D/B
The variation in normalised bearing capacity with footing location for various L/B ratios
show’s a similar trend to previous studies, additionally the bearing capacity decreases for
all D/B as L/B is increased. This observation is very interesting particularly as it is evident
for all D/B.
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Figure 5-15. Variation in normalised bearing capacity with D/B, c
γB
= 1, H/B = 5
Figure 5-15 for c
γB
= 1 shows a relatively quick strength gain as D/B increases, i.e. the
levelling off of the bearing capacity curves occurs at a relatively low D/B, with all footing
lengths failing to gain additional capacity for D/B > 3. However, examining Figure 5-17
for c
γB
= 15 and Figure 5-18 for c
γB
= 30, the D/B where levelling of the curves occurs
increases as c
γB
increases. This contradicts the findings of Section 4.4 where the D/B at
which levelling of the curves occurred decreased as c
γB
increased. Admittedly this was for
various H/B and one would expect the strength gain to increase as c
γB
increased. Similarly
the results above also contradict the findings of Figure 3-11 where the D/B value at which
levelling off occurs decreased as c
γB
increases. Direct comparison with Figure 3-11 can be
made by isolating the plain strain curves in Figure 5-16 to Figure 5-18, which confirm the
results discussed above.
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Figure 5-17. Variation in normalised bearing capacity with D/B, c
γB
= 15, H/B = 5
Figure 5-18. Variation in normalised bearing capacity with D/B, c
γB
= 30, H/B = 5
There is some conjecture as to which trend is correct, especially when one disregards the
H/B trends in section 4.4 and isolates the 3D plane strain curves above and compares them
with Figure 3-11. The resulting comparison is shown in Figure 5-19 below. Disregarding
the quantitative results (as the 3D results are higher than the 2D results), and focusing on
the qualitative trends, Figure 5-19 shows that as c
γB
is increased the 2D flat ground cut-off
decreases and for 3D the D/B cut-off increases. As yet there is no explanation for this; the
results are for different H/B values, however, this doesn’t explain the trends. As stated
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above, Section 4.4 for varying H/B agrees with the initial 2D results. The only conclusion
is that 3-Dimensionally modelling the plane strain case may produce inaccurate results.
This would thenmean that all L/B results are also inaccurate as they exhibit the same trend.
Ultimately this phenomenon requires further investigation to understand it fully.
Figure 5-19. 3D H/B = 5 to 2D H/B = 3 comparison of variation in normalised
bearing capacity with D/B, plane strain. Note 3D plane strain data finishes at
D/B = 5
5.8 Rate of Change of Bearing Capacity with D/B
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5.8 Rate of Change of Bearing Capacity with D/B
The issues raised in Section 5.7 regarding the flat ground cut-off D/B value led to an
investigation into the rate of change of the normalised bearing capacity with D/B for
various L/B ratios. The most interesting observation is that, independent of strength ratio,
the qualitative shape of the graphs is exactly the same. Perhaps there is a correlation with
the linear relationship between
p
γB
and c
γB
. Furthermore there is an inflection point in the
gradient curves for L/B ² 8; for L/B < 8 the gradient doesn’t exhibit an inflection point.
The inflection point is betweenD/B=2, 3, the graphs show the point at D/B= 2.5, however,
this is a result of the central difference method used to calculate the gradient and is only
a best guess of its position. The inflection point is magnified in Figure 5-21
See Figure 5-21
Figure 5-20. Rate of change of normalised bearing capacity with D/B, c
γB
= 30,
H/B = 5
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Figure 5-21. Rate of change of normalised bearing capacity with D/B, c
γB
= 30,
H/B = 5
The presence of an inflection point and the fact that qualitatively all the gradients are of
the same shape suggests that the gradients and the curves themselves are proportional to
each other. By isolating the plane strain curves and comparing them with the 2D results
from the D/B study as in Figure 5-19, Figure 5-22 was created.
Figure 5-22. 3D H/B = 5 to 2D H/B = 3 comparison of rate of change of normal-
ised bearing capacity with D/B, plane strain. Note 3D data denoted by dashed lines
Figure 5-22 confirms the presence of an inflection point betweenD/B =2 and 3, thismeans
that the majority of the capacity gain when moving a footing away from a 90° slope is
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obtained after the footing is moved to D/B = 2 or 3. Similarly the strength gain when
moving a footing from D/B = 2 to 3 is minimal compared to moving it either from 0 to 2
or from 3 to 5.
Figure 5-23. Rate of change of normalised bearing capacity with D/B, c
γB
= 15,
H/B = 5
Figure 5-24. Rate of change of normalised bearing capacity with D/B, c
γB
= 2,
H/B = 5
The shape of the curves change slightly as c
γB
decreases, such that when c
γB
= 1 there is
little evidence of an inflection point, but rather the inflection point moves lower to create
a linear section on the graphs between D/B = 1.5 and 3.5.
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5.8.1 Conclusions
By examining the rate of change of the bearing capacity, it is evident that an inflection
point exists between D/B = 2 and 3. This inflection point is exhibited for L/B ² 8
and suggests that there is minimal capacity gained when moving the footing from
D/B = 2 to 3. Similarly, from examination of the graphs the majority of the bearing
capacity gain is achieved by moving the footing from D/B = 0 to 2. Furthermore, the
second largest increase in bearing capacity can be achieved by moving the footing
from D/B = 3 to 5.
By examining the shape of the curves it can be seen that all the gradient curves are
proportional and so too thenwill be the actual curves. This suggests that factors could
be used to develop any L/B curve from a single plane strain curve; however, further
investigation of this will be required.
5.9 Flat Ground Reduction Factor
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5.9 Flat Ground Reduction Factor
From all of the studies to date it is evident that regardless of the quantitative validity of the
results, the qualitative trends are correct. Therefore, an engineer could determine the flat
ground bearing capacity using any method and then apply the reduction factors presented
below to determine the footing on slope bearing capacity. For completeness the flat ground
bearing capacities calculated in the L/B study have been given below in Table 5-8. From
Table 5-8 the relevant flat ground bearing capacity can be determined, knowing L/B and
c
γB
, then depending upon the footing position ( D/B ) the footing on slope bearing capacity
can be determined.
Table 5--8. Flat ground normalised bearing capacity, H/B = 5, β = 90°
Figure 5-25 for c
γB
= 30 is a typical example of a reduction factor graph. The factors are
percentages of the flat ground bearing capacity and represent a more realistic approach to
the problem as opposed to traditional methods that try to develop equations and single
factors for all the footings.
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Figure 5-25. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 30,
H/B = 5, β = 90°
Figure 5-26. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 25,
H/B = 5, β = 90°
5.9.1 Reduction Factor Variation with Strength Ratio
The variation of the flat ground bearing capacity reduction factor with strength ratio
is presented in the following graphs. It confirms the results presented above, namely:
 low L/B ratio footings have higher bearing capacities than high L/B ratio foot-
ings.
 The higher the strength ratio the wider the bearing capacity range.
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Interestingly Figure 5-27 shows a large variation in the reduction factor when the
strength ratio is within the range of 1-10. However, this variation reduces
dramatically when the strength ratio of the slope is increased past 10. This does not
necessarily mean that the bearing capacity of the slope does not increase as the
strength ratio is increased past 10, just that the flat ground bearing capacity reduction
factor varies only slightly. As we know the normalised bearing capacity increases
linearly as the strength ratio increases, and the fact that the reduction factor does not
vary, albeit slightly, suggests that the curves representing particular strength slopes
are in fact proportional to each other when c
γB
> 10.
Figure 5-27. Variation of flat ground bearing capacity reduction with c
γB
, D/B = 0, H/B = 5,
β = 90°
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Figure 5-28. Variation of flat ground bearing capacity reduction with c
γB
, D/B = 2, H/B = 5,
β = 90°
Figure 5-28 shows that for D/B = 2 and L/B = 2 the failure mechanism is footing on
flat ground and not footing on slope. Indeed as D/B increases further, high L/B ratio
footings exhibit the same behaviour. A full set of these graphs can be viewed in
Appendix D.
5.9.2 Conclusions
Thismethod is advantageous as it is the firstmethod to use awide ranging parametric
study to ascertain the appropriate reduction factors. Similarly it takes into account
the various effects of footing position, footing length, strength ratio and with further
work, footing height and slope angle. The entire collection of design charts can be
found in Appendix D. Similarly, this method is extremely simple.
5.10 Conclusions
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5.10 Conclusions
It has been shown in this chapter how the bearing capacity of a slope is affected by the
footing length namely L/B. However, due to the complex nature of the system L/B is not
the only factor that required examination; the relationship between D/B and c
γB
for a 90°
slope with H/B = 5 was also examined.
The results show that the traditional method of considering an infinitely long strip footing
is conservative and the actual bearing capacity can be up to 50% higher depending upon
the footing position. Similarly the use of a reduction factor applied to a predetermined flat
ground bearing capacity can be used to determine the footing on slope bearing capacity,
knowing D/B and c
γB
. The main advantage of this method is the simplicity and
effectiveness of it. Further work needs to be done to extend this method to include smaller
slope angles, and different H/B ratio slopes.
There have also been numerous charts presented that can be used by a design engineer to
determine the bearing capacity of a footing on slope problem, given H/B = 5, β = 90°, and
purely cohesive soil. The charts could also be used to determine the flat ground bearing
capacity. However, these results should be treated with caution as the 3-Dimensional
results are approximately 10% to 20% higher than 2-Dimensional results, due to memory
constraints on the modeller’s computer. As a result of the computational inaccuracy, there
is a strong argument for using the relative change in results as a percentage of a knownplane
strain benchmark to determine the true normalised bearing capacity results for this study.
All results and charts for this chapter are presented in Appendix D for further examination.
Interface Effects
6.1 Introduction
In this dissertation the footing on slope problem has been modelled by applying a velocity
to the nodesdirectly beneath the imaginary footing. However, this approach fails to account
for the frictional effects between the base of the footing and the soil surface it rests upon,
which exist in real life. This Chapter examines the outcomes of the study into these effects
and reports on the modelling improvements achieved.
Further to the issue of real life modelling, large strain analysis was introduced in this study
to assist in the development of an accurate interface model; a full analysis of the effects of
large strain analysis will be conducted in Chapter 7, and only the relevant results will be
shown in this Chapter.
It was found inChapter 4 that H/B = 3was the best slope height ratio to use whenmodelling
a wide range of strength ratios, hence this H/B ratio was chosen for this study. The problem
will be considered in 2-Dimensional plane strain using FLAC2D.
The non-dimensional parameters which are relevant to this chapter are:
6
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 strength ratio, c
γB
;
 footing location ratio, D/B; and
 normalised bearing capacity,
p
γB
.
A statement of the problem is shown below in Figure 6-1.
Figure 6-1. Statement of the problem
Therefore in order to study the interface effects some of these parameters need to be
considered. In this study the value of parameters will be as follows:
 D/B = 0, 1, 2;

c
γB
= 10;
 H/B = 3;
 Interface type = Rough ( ca = c ), Smooth ( ca = 0 );
 Analysis type = Large strain, Small strain;

p
γB
will be determined from the study;
 B = 0.6 m;
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  = 0°, as we are only considering clay;
 γ = 1.962e4 kN/m3;
 Df = 0 m; and
 β = 90°.
Note that D will be varied accordingly to ensure that the study is conducted according to
the parameters outlined above.
6.2 The Model
The main challenge of this chapter was to create a model that accurately modelled a clay
footing- soil interface. This required isolating factors which were considered to be
important. In previous physical model tests by Shiau et al. (2006), it was found that the
punching mechanism in clay formed a second interface with the sides of the footing and
the soil.
Elastic Failure Wedge
Failure Profile
Figure 6-2. Physical model test result
6.2 The Model, continued
6--4Chapter 6 -- Interface Effects
Figure 6-2 shows a typical result fromShiau’s claymodel testing. It has been predicted that
footing rotation about the base should be evident from this study . However Figure 6-2 fails
to show any signs of rotation about the base. This result suggests two theories:
 Either the actual rotation of the footing about the base is minimal regardless
of the interface properties, or
 In the particular cases where punching occurs, the vertical punching interfaces
act as a brace against rotation. If rotation was to occur in the punching case the
force caused by rotationwouldhave to be great enough to overcome thepassive
resistance of the soil wedge against the back face of the footing.
Itwould seemmore conceivable that the second theory is correct; however this resultmeans
that rotation in this study for clay, where punching is highly likely, will be minimal, if
evident at all.
6.2.1 Horizontal Interface
The first step in the model development was to create the horizontal interface; the
process in FLAC can be quite involved. It requires the numerical excavation of the
footing material and the redefinition of it in the same place geometrically but
numerically one vertical component higher than it was previously. This is required
because for an interface to be defined it has to have an ’A’ side and a ’B’ side, hence
the y component of the two sides cannot be the same. This process can be quite
difficult and is a downside to FLAC. An example of the interface in FLAC can be
seen below in Figure 6-3.
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Horizontal Interface Nodes
Figure 6-3. Horizontal interface model example between footing and soil
Once the process for the creation of the horizontal interface is known, any sized
footing can be created. For this study scaled buildingswere createdwith the view that
a building would magnify the rotation about the base.
6.2.2 Vertical Interface
The next step was to create the vertical interface between the footing and the soil
caused by punching. The foundation of FLAC is analysis of continua, meaning that
it analyses continuous media and it does not allow velocity discontinuities. This
therefore means that separation of the mesh which is required by the punching
mechanismas its deformation is on themacro scale, wasnever the intention of FLAC.
Regardless of this knowledge a model was still attempted. The main question was
how large to make the vertical interface and how could it be created. One of the
incorrectmodels is shown below in Figure 6-4. The interface parameters were varied
as the depth increased and it caused the elements beneath the foundation to bulge as
none of the load was transferred to the surrounding mesh.
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Figure 6-4. Incorrect vertical interface model
Figure 6-4 highlights the sensitivity of FLAC to inexperienced users. The solution
to the problem after more than ten models were created used a full sized vertical
interface to the model base with the elements stitched back together up to four
elements beneath the foundation. The interface from the top of the soil down four
elements had all the properties of the surrounding soil, except zero tensile strength
was assigned. This lack of tensile strength allowed the mesh to deform almost
identically to that of the punching shear mechanism. If the tensile strength was set
to that of the surrounding soil it was found that the slope would fail as if there was
no interface present.
It was also found that the length of the vertical interface was irrelevant, whether the
tensile strength is zero for 6, 8 or 10 elements along the vertical interface beneath the
foundation, the quantitative and qualitative results were unchanged. This should
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have been due to the inherent strength of the soil, however, whilst it was numerically
allowed to slide vertically, the interface only allowed a certain amount of sliding
which allowed the foundation to punch in by just over 2 elements or 0.1m. The
sticking point was the end of the interface where the elements were effectively
reattached to the soilmedia; the above elements could only slide down to these points
effectively creating a crushing point. Further in large strain mode the solution failed
to converge due to geometry errors caused by the squashing of the interface elements.
This squashing can be seen in Figure 6-5 below.
Vertical Interface Nodes
Attached Nodes
Squashed Elements
Figure 6-5. Vertical interface solution with large strain mode enabled and horizontal interface
FLAC normally stops once any minimum element geometry ratio is 0.20; this then
causes everything to stop and an error to result. To prevent this, a new commandwas
used instead of ’solve’; this bypassed the internal error and allowed the script file to
finish successfully. However, this still means the results fails to converge. Another
way of overcoming the squashing of the elements is to note that it is the attached
elements directly beneath the interface that appear to be causing the sticking point.
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Hence if the interface is extended deeper into the soilmedia the elements should have
more room to compress. However, this is not the case as shown below in Figure 6-6.
This suggests that the punching is resisted by the strength of the elements, friction
with the vertical interface, and if the interface is short, it too has some effect on the
punching depth.
Figure 6-6. Deep vertical interface solution with horizontal interface
Previously, to allow vertical sliding, the tension of the vertical interface was set to
zero. The question was, what happens if the cohesion of the interface is set to zero
as well? The result is shown below in Figure 6-7 for the same vertical interface size
in Figure 6-6. The results were interesting; the shear couldn’t propagate across the
interface and hence propagated down until the stress hit the attached nodes where it
then propagated towards to the toe of the slope.
6.2 The Model, continued
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Vertical Interface Nodes
Attached Nodes
Figure 6-7. Vertical interface model result with zero cohesion on the vertical interface
This is clearly an incorrect result, however one can hypothesize that if the vertical
interface with zero cohesion was to the same depth as the bottom of the wedge of
elastic material beneath the foundation depicted in Figure 6-2, where the failure
surface begins to move towards the toe; the result would be the perfect balance of
interface depth, to allow adequate punching, but not too much that it prevents the
shear stress propagating towards the face or the toe of the slope. This then leads to
the inevitable question, how deep is the true failure wedge? This question cannot be
answered in this dissertation but the answer could perhaps warrant its own
dissertation.
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The final interface model is shown below in Figure 6-8. It was decided that a short
fully cohesive vertical interface would be used to consider smaller punching depths
and hence a more realistic estimate of bearing capacity.
Figure 6-8. Final interface model
6.3 Results
The effect of footing roughness was studied for 3 different scenarios; a weightless footing
with a horizontal interface; a concrete footing with a horizontal interface; and a weightless
footing with a horizontal and two vertical interfaces. A fully rough footing interface
possesses the same characteristics as the soil. In this case this means that the adhesion of
the interface is the same as the soil’s cohesion. Similarly, a smooth footing is the idealised
case of zero friction. for this study a smooth footing was considered to be one with zero
adhesion.
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6.3.1 Weightless footing with horizontal interface
The results are shown in the following two Figures. All results have been compared
to the method used in the previous Chapter where there is no interface and the
velocity is applied directly to the nodes directly beneath the footing. The small and
large strain results show marked differences; however this is the subject of the
following Chapter. The most interesting result is that the original modelling
technique produces ultimate bearing capacitieswhich are bounded by the smooth and
rough cases. The rough footing has a larger bearing capacity than the smooth footing.
This difference is only marginal in small strain mode however it increases
significantly in large strain mode.
Figure 6-9. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
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Figure 6-10. Variation in normalised bearing capacity with D/B, for a weightless footing
with a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
The normalised bearing capacities are shown in the following tables, with the small
strain mode producing at most a 3% difference between the different interface types.
However, the large strain mode produced at most a 15% difference between the two
interfaces.
Table 6--1. Bearing capacity results for a weightless footing with a horizontal in-
terface, ( H/B = 3, c
γB
= 10, β = 90°, Small Strain )
Table 6--2. Bearing capacity results for a weightless footing with a horizontal in-
terface, ( H/B = 3, c
γB
= 10, β = 90°, Large Strain )
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It was expected that some rotation would be evident in large strain mode, hence high
footing’s were used to magnify this effect, however what was found as a result of this
was that the movement of the footing was affected by the interface type. Figure 6-11
shows the velocity vector plots for the smooth case for both small and large strain.
The results between the two analysis methods are almost identical, but what is
interesting are the velocity vectors in the footing. They are all vertical, which
suggests that for a smooth footing no rotation will occur
Large Strain Small Strain
D/B = 0
D/B = 1
D/B = 2
Figure 6-11. Velocity vector plots for a smooth footing using large and small strain
analysis, ( H/B = 3, c
γB
= 10, β = 90° )
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However, we can see that this is in fact not the case for a rough footing as shown in
Figure 6-12. The velocity vectors within the footing suggest that the footing is
moving downwards towards the face of the slope, which could facilitate some form
of footing rotation. Whilst only minimal, there is some rotation visible in all three
large strain cases. The top of the footing has moved to the right whilst the base has
moved with the soil to the left towards the slope face.
Large Strain Small Strain
D/B = 0
D/B = 1
D/B = 2
Figure 6-12. Velocity vector plots for a rough footing using large and small strain analysis,
( H/B = 3, c
γB
= 10, β = 90° )
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6.3.2 Concrete footing with horizontal interface
The above weightless footing results suggested there was a need to test the results
with a footing of density similar to that of a large commercial building, hence
concrete at 2500 kg/m3was chosen. The parameters were the same as before, with
a fully rough and a smooth interface being modelled with large and small strain
analysis modes.
The results for the small strain mode are shown in Figure 6-13. They make sense
intuitively, as with a heavier footing, the additional bearing capacity should be less.
However the method used to calculate the ultimate bearing capacity sums the forces
at the base of the footing, which in theory should include the weight of the concrete
footing. Therefore it cannot be explained why the ultimate bearing capacity is
significantly less than the weightless footing case
Figure 6-14. Variation in normalised bearing capacity with D/B, for a large concrete footing
with a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
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The large strain results shown in Figure 6-15 are similar to the small strain results
in that they are significantly reduced in comparison with the previous weightless
case. However, the rough footing interface has a significantly larger normalised
bearing capacity than the smooth case, which reinforces the results of the weightless
case.
Figure 6-15. Variation in normalised bearing capacity with D/B, for a large concrete footing
with a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
The rotation is also evident for the rough cases only. Quantitatively the results show
little difference between the smooth and rough cases for small strain and 10%-15%
differences for the large strain case. Ultimately the rough interface model always
produces a larger normalised bearing capacity
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Table 6--3. Bearing capacity results for a large concrete footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90°, Small Strain )
Table 6--4. Bearing capacity results for a large concrete footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90°, Large Strain )
6.3.3 Weightless footing with horizontal and vertical interfaces
To date no model has taken into account the punching failure mechanism that occurs
frequently in clay. In this Section this mechanismwas investigated with a weightless
footing and two vertical interfaces in addition to the horizontal interface used
previously. A fully rough and a smooth interface wasmodelled using small and large
strain analysis.
6.3 Results, continued
6--18Chapter 6 -- Interface Effects
Figure 6-16. Variation in normalised bearing capacity with D/B, for a weightless footing
with a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
Ultimately the effect of the vertical interface is to increase the normalised bearing
capacity only marginally. Interestingly in Figure 6-16 the rough case for D/B = 1
failed to converge, hence the curve varying uncharacteristically at D/B = 1.
Figure 6-17. Variation in normalised bearing capacity with D/B, for a weightless footing
with a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
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The main effect of the vertical interface is to change the shape of the normalised
bearing capacity curves. This can be seen quite clearlywhenFigure 6-17 is compared
to Figure 6-10. Not only is there a translation upwards of the curves but there is
distinct increase in the concavity of the curves.
The quantitative variation in the results between the smooth and rough cases is much
larger for this model, with the vertical interface with there being up to 20% true
variation in the small strain results and 35% for the large strain cases.
Table 6--5. Bearing capacity results for a weightless footing with a horizontal in-
terface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90°, Small Strain )
Table 6--6. Bearing capacity results for a weightless footing with a horizontal in-
terface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90°, Large Strain )
6.4 Conclusions
There are a number of conclusions that can be drawn from this study namely:
 The effect of modelling a horizontal interface produces only minimal varia-
tions in the normalised bearing capacity of the slope. In direct comparison to
the previous Chapters, Figure 6-9 shows a marginal decrease for the smooth
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case and a marginal increase for the fully rough case. In most results the rough
and smooth cases forman upper and lower bound respectively to thepreviously
used method. This, coupled with the only marginal change suggests that the
current technique of applying a velocity to the nodes directly beneath the foot-
ing is sufficient to produce accurate results.
 The previously used method which lies between the smooth and rough case is
conservative in that the fully rough case ismore likely to exist in real life. How-
ever, it is not so conservative that it neglects friction altogether as it produces
larger bearing capacities than the smooth case. Hence the previous Chapters
method produces a sound result.
 The overall increase in strength gained by accurately modelling the punching
mechanism in clay is still undefined. Paying particular attention to Figure 6-17
for the punching mechanism and Figure 6-10 for the horizontal interface, we
see that the normalised bearing capacity for the smooth case at D/B = 0 and 2
actually decreases when punching is modelled. Whereas it increases at D/B =
1, this non-uniform change actually reflects a change in the shape of the curve
when punching is modelled, acting to increase the concavity for both the
smooth and rough cases. This suggests that either the results are incorrect or
the addition of the punching dimension to the models has another effect that
is as yet not understood. Either way this punchingmechanism needs further in-
vestigation
 It can be seen in all the results that the smooth and rough curves are parallel,
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which suggests that if the results are incorrect they are all at least consistent.
 The expectation in Section 6.2 that for rotation to occur in the punching case
it would require the rotation force to fail a passive wedge behind the footing
was never observed in these models. This is because despite expecting only
vertical movement along the interface there was some horizontal movement
causing separation of the footing sides and the vertical interface, and hence in
the computermodel therewasnothing preventing the footing from rotating, yet
there was no rotation. This suggests that there is still some form of numerical
connectivity present between the footing sides and the interfaces, or, the rota-
tion that has been predicted and expected simply does not occur.
 The punching mechanism in clay can only be modelled in FLAC up to a point.
This means that the underlying numerical requirement that velocity disconti-
nuities cannot exist in a continuous media limit FLAC’s ability to model the
punching mechanism. However, this constraint may actually allow more real-
istic modelling, as in an Engineering sense it was suggested by Tomlinson
(1975) that the large settlements caused by the ultimate bearing capacity may
see the serviceability criteria limiting loads on the foundation. Hence FLAC’s
need for velocity continuity may limit the calculated ultimate bearing capaci-
ties to a more acceptable value.
 Due to the strength of the soil beneath the foundation the accuracy of themodel
to simulate the punching mechanism is not improved by increasing the length
of the vertical interface where the tensile strength is zero. This is because the
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soil beneath the foundation resists compression and only allows the footing to
punch in a limited distance. However, as shown in Figure 6-2 once failure is
reached the punching should continue deeper, where in this case it doesn’t.
Hence accurate modelling of punching needs further investigation
 The leads to another point, whilst FLAC’s plots of shear strain rate show the
correct failure mechanism developing, in large strain mode the results fail to
converge as they are prematurely stopped by the geometry errors. Therefore
what we need is a program that allows elements to displace yet not deform and
if the element size was small enough the actual qualitative result would be ac-
curate. Hence if we want to study the footing on slope further it would be ad-
vantageous that we seek such a program.
Small Strain Vs Large Strain
7.1 Introduction
Geometric nonlinearity is used effectively in structural engineering particularly when
considering the buckling of a column. It has the ability to continuously update thegeometry
of themodel to take into account the additional moments caused by themoving loads. This
addition of displacement into the model allows more realistic solutions to be generated. In
soil mechanics and particularly with FLAC there are also uses for geometric nonlinearity
inmodelling. In FLAC themode that allows displacements is known asLarge Strainmode.
In this Chapter the difference between the two solution modes, small and large strain is
examined for two of the chapters and a new scenario that wasn’t studied in enough depth
to warrant its own chapter:
 3D L/B study verification models;
 Interface models; and
 Pseudo Seismic footing on slope models.
Information on the 3D verification models can be found in Section 5.3, and information
on the Interface models can be found in Section 6.2. As these models have already been
7
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discussed in detail, only the results will be presented.
The Pseudo Seismic footing on slopemodel is not a fully dynamic seismic footing on slope
model; it is a fully rough interfacemodel with an additional global horizontal force applied
to the model. The Pseudo Seismic model is shown below in Figure 7-1
Figure 7-1. Pseudo Seismic footing on slope model
It was found inChapter 4 that H/B = 3was the best slope height ratio to use whenmodelling
a wide range of strength ratios. Therefore H/B = 3was used for the Pseudo Seismicmodel,
the Interface model, and the 3D verification models.
The non-dimensional parameters which are relevant to this chapter are:
 strength ratio, c
γB
;
 slope height ratio, H/B;
 footing location ratio, D/B;
 footing length ratio, L/B;
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 normalised bearing capacity,
p
γB
.
Therefore in order to study the effect of small and large strain some of these parameters
need to be considered.
In the 3D study the value of parameters will be as follows:
 L/B = 4, 12;
 D/B = 1, 4;

c
γB
= 10;
 H/B = 3;
 Element Size = 0.5, 0.25, 0.2, 0.1, 0.05 m; and
 B = 1 m.
In the Interface study the value of parameters will be as follows:
 D/B = 0, 1, 2;

c
γB
= 10;
 H/B = 3;
 Interface type = Rough, Smooth; and
 B = 0.6 m.
In the Pseudo Seismic study the value of parameters will be as follows:
 D/B = 0, 1, 2;

c
γB
= 10;
 H/B = 3;
 Interface type = Rough;
 kw = 0.1, 0.2. 0.3, 0.4; and
 B = 0.6 m.
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The common parameters are:

p
γB
will be determined from the study;
  = 0°, as we are only considering clay;
 γ = 1.962e4 kN/m3;
 Df = 0 m; and
 β = 90°.
Note that L, D, and c, will be varied accordingly to ensure that the study is conducted
according to the parameters outlined above. Also large and small strain analysis modewas
used for each case for comparison purposes.
7.2 3D Verification
When the 3-Dimensional model was verified each model was also solved in large strain
mode. The results are presented below in Section7.2.1. Similarly, each of themesh fineness
model tests were also conducted using small and large strain modes and their results are
presented in Section 7.2.2. Typically the large strain results are larger than the small strain
results.
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7.2.1 L/B Verification Study
Figure 7-2. Variation in normalised bearing capacity with L/B, for various D/B ratios, Large
Strain -- dashed, Small Strain -- solid, ( H/B = 3, c
γB
= 10, β = 90° )
Figure 7-2 shows the results from this study, clearly the large strain analysis mode
gives higher normalised bearing capacity results than the small strain results. This
difference is much larger for smaller L/B footings than it is for the plane strain case.
Table 7-1 shows the numeric normalised bearing capacity results for the D/B = 2
case. The percentage difference between the small and large stain cases situated at
the bottom of the table shows the difference in the results is much higher for low L/B
footing than for large L/B footings.
Table 7--1. Small and large strain bearing capacity results for the L/B verification study, for
D/B = 2, ( H/B = 3, c
γB
= 10, β = 90° )
7.2 3D Verification, continued
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Table 7--2. Small and large strain bearing capacity results for the L/B verification study, for
D/B = 4, ( H/B = 3, c
γB
= 10, β = 90° )
Table 7-2 shows the results for D/B = 4, and this shows that the overall difference
is increasing as D/B is increased. Interestingly for the 3D large strain cases it was
found that at a footing penetration distance of 100mm each slope failed regardless
of the footing position and the footing length. An example of this is shown below in
Figure 7-3 where the load Vs time curve is superimposed on a velocity contour plot.
Figure 7-3. Velocity Vector Plot with load Vs time superimposed, D/B = 4, L/B = 16,
H/B = 3, c
γB
= 10
7.2 3D Verification, continued
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The sudden decrease in load is only present in 3D large strain cases and no other cases
investigated in the entire dissertation. It is interesting as the time step where failure
occurs is a function element size. As for each of the mesh fineness tests in
Section 7.2.2 the time step where failure occurred decreased. In fact the time step of
failure is directly proportional to the element size. If the element size halves, so too
does the time step of failure, which in practical terms correlates to a halving of the
penetration depth which causes failure.
The variation in penetration depth causing failure cannot be explained; intuitively the
same penetration depth should cause failure regardless of the element size. This
suggests that the issue is some kind of numerical problem and as yet it cannot be
explained.
7.2.2 Mesh Fineness
The tests conducted to determine adequate element sizes for the models were also
solved using large and small strain analysis modes, the results are shown below.
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Figure 7-4. Variation in normalised bearing capacity with mesh fineness, D/B = 1, L/B = 4
Figure 7-5. Variation in normalised bearing capacity with mesh fineness, D/B = 4, L/B = 4
Figure 7-4 and Figure 7-5 reinforce the results of Section 7.2.1 as the large strain
results are significantly higher than the small strain results. However, it is shown
explicitly in Table 7-3 that as the element size is decreased the difference between
the results increases. Yet, in Table 7-4 this conclusion is unsupported, further results
can be seen in Appendix F which also question the trend in Table 7-3.
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Table 7--3. Variation in normalised bearing capacity with mesh fineness, D/B = 1,
L/B = 4
Table 7--4. Variation in normalised bearing capacity with mesh fineness, D/B = 4,
L/B = 4
This means that no specific conclusion can be made as to the cause of such trends
presented aboveuntil moredetailed studies are completed.However, as a general rule
in 3-Dimensions the large strain bearing capacity is between 5 and 20% larger than
the small strain bearing capacity.
7.3 Interface
Concurrently with the Interface study reported on in Chapter 6, a large strain analysis was
undertaken on all Interface models. The results are shown below and compared with the
small strain results from Chapter 6. Refer to Chapter 6 to model specific information.
7.3.1 Smooth Interface
Chapter 6 defined a smooth interface as one whose cohesion was zero and allowed
sliding. The results shown below again showno discernable trend other than the large
strain results being higher than the small strain results.
7.3 Interface, continued
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Figure 7-6. Variation in normalised bearing capacity with D/B, for a basic footing model
without a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
Figure 7-6 compares the large and small strain results for the method where no
interface exists and the velocity vectors are applied directly to the nodes beneath the
imaginary footing (This model was used in Chapters 3 to 5). It shows that as D/B
increases themargin between the two solutions increases. The quantitative results are
shown below in Table 7-5
Table 7--5. Bearing capacity results for a basic footing model without a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
If the load Vs time curve is examined for both analysis modes an interesting feature
is evident. The initial shape is quite similar albeit for different time periods, however
the last section of both differs quite considerably.
7.3 Interface, continued
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Figure 7-7. Load Vs Time for a footing without a horizontal interface, small strain,
( H/B = 3, D/B = 2, c
γB
= 10, β = 90° )
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Figure 7-8. Load Vs Time for a footing without a horizontal interface, large strain,
( H/B = 3, D/B = 2, c
γB
= 10, β = 90° )
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It appears that at the load where the small strain case levels off, the large strain case
bottoms out. In the large strain case shown in Figure 7-8 after the load reaches a
minimum it then begins increasing, and near the end there is a sudden increase in load
followed by the geometry error stopping the solution. As was evident in Chapter 6
the geometry errors stopped the solution from converging, it is clear that the small
strain case has converged. A ruling on the convergence of the large strain case cannot
be made as there is nothing to suggest that it has converged. It is very likely though
that it has not.
Figure 7-9. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
Table 7--6. Bearing capacity results for a weightless footing with a horizontal
interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
7.3 Interface, continued
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If the load curves are examined for the model where the vertical interfaces are
included, a similar conclusion can be made. Figure 7-10 shows that whilst there is
some oscillation in the load there is a trend towards convergence. Whereas
Figure 7-11 shows wild oscillations and minimal convergence before the geometry
errors cause the solution process to stop. This is a general trend found in all
2-Dimensional results; small strain generally convergeswhereas large strain doesn’t.
Also, the geometry errors stopping the solution process combined with the
oscillatory load curve, result in the solution stopping at the peak, trough or middle
of the wave. This is thought to explain the wide percentage variability in the large
strain result when compared with the small strain results.
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Figure 7-10. Load Vs Time for a weightless footing with a horizontal interface and vertical
interfaces, small strain, ( H/B = 3, D/B = 2, c
γB
= 10, β = 90° )
7.3 Interface, continued
7--14Chapter 7 -- Small Strain Vs Large Strain
L
o
ad
(N
)
Time Step
Figure 7-11. Load Vs Time for a weightless footing with a horizontal interface and vertical
interfaces, large strain, ( H/B = 3, D/B = 2, c
γB
= 10, β = 90° )
7.3.2 Rough Interface
A rough interface was defined in Chapter 6 as one whose cohesion was equal to that
of the surrounding soil, the results of the model with the two vertical interfaces is
shown below for comparison. All results can be seen in Appendix F.
7.3 Interface, continued
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Figure 7-12. Variation in normalised bearing capacity with D/B, for a weightless footing
with a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
Table 7--7. Bearing capacity results for a weightless footing with a horizontal
interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
The results for this model shown in Figure 7-12, show results contradicting what is
evident in all other models in this Section. This is because in this model the small
strain cases for D/B = 0& 1 failed to dampen the oscillatory motion of the load curve
yet still showed a general levelling off of the load curve, as example of this can be
seen in Figure 7-13. The reason for this is still unknown, however, as can be seen in
Figure 7-14 the D/B = 2 results converged easily.
7.3 Interface, continued
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Figure 7-13. Load Vs Time for a weightless footing with a horizontal interface and vertical
interfaces, small strain, ( H/B = 3, D/B = 0, c
γB
= 10, β = 90° )
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Figure 7-14. Load Vs Time for a weightless footing with a horizontal interface and vertical
interfaces, small strain, ( H/B = 3, D/B = 2, c
γB
= 10, β = 90° )
7.3 Interface, continued
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Typical large strain analysis behaviour can be seen below in Figure 7-15 where there
is little to no trend towards convergence and the oscillations are large and random.
It can be concluded that these large oscillations and lack of convergence before
geometry errors stop execution cause the wide variability in comparative large strain
results. As such it would appear that large strain is an unreliable analysis mode in
FLAC.
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Figure 7-15. Load Vs Time for a weightless footing with a horizontal interface and vertical
interfaces, large strain, ( H/B = 3, D/B = 2, c
γB
= 10, β = 90° )
7.4 Pseudo Seismic
A third case was tested to determine if the interface results were an isolated result or
indicative of the general trend. The pseudo seismic footing on slope problem was not
investigated fully due to time constraints, however the small number of results allow
7.4 Pseudo Seismic, continued
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comparison between the two different analysis methods. The following four tables show
the variability is marked and unpredictable. By examining the load Vs time curves the
general trend is almost identical to the interface load Vs time curves.
Table 7--8. Bearing capacity results for Kw = 0.1, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
Table 7--9. Bearing capacity results for Kw = 0.2, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
Table 7--10. Bearing capacity results for Kw = 0.3, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
Table 7--11. Bearing capacity results for Kw = 0.4, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
7.5 Conclusions
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7.5 Conclusions
It has been shown in this chapter how the bearing capacity of a slope is affected by the
different analysis modes. The analysis modes have been tested in both two and three
dimensions and the general trend towards higher results from large strain analysis is quite
clear.
However, the accuracy of the large strain results is questionable for a number of reasons:
 In 3-Dimensions the sudden decrease in load evident on the load Vs time
curveswas never duplicated in 2-Dimensions.Whilst intuitively it would seem
correct that once failure occurs there is no bearing capacity this is physically
incorrect. The load Vs settlement curves shown in Section 2.1 never showed
the load decreasing to zero once failure had occurred. In fact for the punching
case, the load fails to decrease after failure whilst the settlement continues to
increase. Nowhere does a footing fail such that it has zero bearing capacity after
failure.
 The unexplained reduction in the failure time step caused by reducing the ele-
ment size physically translates to a reduced footing displacement causing fail-
ure as the element size is decreased. This reduction in displacement is clearly
incorrect as physically the failure settlement is independent of any numerical
constant such as element size.
 Furthermore the failure in the 2-Dimensions for the large strain cases to con-
verge decreases the reliability of such results significantly. The variability in
the results is further evidence that these results cannot be trusted, as no clear
trends can be established
7.5 Conclusions, continued
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 The lack of convergence for the 2-Dimensional large strain results also cast
doubt on the 3-Dimensional results. Interestingly the load Vs time plots for
3-Dimensions show little to no oscillatory variations in time, when onewould
expect the two results to show similar oscillatory trends. This, combined with
the unexplained decrease in load, suggests that the 3-Dimensional results can-
not be trusted and significant further investigation is required.
 FLAC’s significant strength is said to be in its ability to model highly non- lin-
ear situations accurately, however it is evident that the large strain mode is sig-
nificantly limited by the geometry constraints. These constraints prevent the
solution from progressing and potentially converging to a realistic result. The
question of where FLAC’s real power is when in large strain mode has to be
asked as it fails to produce robust results for simple footing on slope problems.
 The inherent variability in the large strain results coupledwith the fact that they
are much larger than the small strain results questions the practicality of such
results. If the small strain results are already on the upper bound of the true
solution as suggested by Smith (2006), then the large strain results must border
on the limits of safety, and therefore cannot be considered conservative. This
marginal safety questions the usefulness of such results
Conversely the small strain results have converged in almost every test, and the results
compare well with previous studies as Smith (2006) proved. Therefore small strain is
considered a valid analysis mode for the footing on slope problem, whilst large strain at
this stage is considered to be extremely unreliable.
All results in the form of tables and charts can be found in Appendix F.
Conclusions
8.1 Summary
Anewmethod for calculating the ultimate bearing capacity of shallow foundations located
near slopes has been presented in this dissertation. Due to the multi- dimensional
complexity of this problem the slope stability problem and the footing on flat ground
problem has also been touched upon. This dissertation also proposed a new method to
determine not only the stability of slopes but also the expected foundation failure
mechanism based upon several non-dimensional parameters. These parameters are:
 strength ratio, c
γB
;
 slope height ratio, H/B;
 footing location ratio, D/B;
 footing length ration, L/B; and
 normalised bearing capacity,
p
γB
.
The use of these non-dimensional bearing capacity factors and the design charts presented
allow consulting engineers to easily determine the bearing capacity of a shallow foundation
located on a slope as well as on flat ground for purely cohesive soils. This method negates
the need for complex formulas and covers a vast array of permutations.
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From a practical point of view the simplicity of this method allows not just consulting
engineers but also construction engineers to solve bearing capacity problems quickly and
easily with confidence.
8.2 Conclusions
The most important conclusions that can be drawn from the study in this Thesis are:
1. It is concluded that the use of the several non-dimensional parameters presented
within this dissertation, in combinationwith the design charts presented, provide
an Engineer with an accurate and simple alternative method for the
determination of the ultimate bearing capacity of shallow footings located near
clay slopes. Thismethod is comprehensive in nature and also allows the ultimate
bearing capacity of a shallow footing on flat ground to be determined.
2. The traditionalmethods developed byTerzaghi andMeyerhoff over simplify the
complex interactions between the various parameters and therefore fail to esti-
mate the ultimate bearing capacity accurately. They also fail to cover a wide
range of conceivable permutations which make their results incomplete. This
method covers each of the study’s parameters in significant detail to ensure the
results are not incomplete.
3. The 3-Dimensional effect of footing length is significant and traditional meth-
ods using 2-Dimensional plane strain models can result in highly conservative
results, particularly for small L/B footings.
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4. The effect of footing position on the bearing capacity of the slope shows that sig-
nificant bearing capacity gain can be achieved by moving the footing from
D/B=0 toD/B=2. After this the strength gain is reduced. Practically, bymoving
a footing away from the edge of the slope by small amounts the need for rein-
forcement of the slope can be negated.
5. Varying the vertical height of the slope can induce slope stability failure, footing
on slope failure and footing on flat ground failure for a single footing position.
6. The two analysis modes ( large and small strain ) in FLAC produce results typi-
cally within 10-15% of each other. However, it has been found that the large
strain results are unreliable due to the inability of the solution process to con-
verge. Hence it is recommended that small strain analysis be used for the footing
on slope problem.
7. The use of interfaces in the modelling of the rough problem generally increases
the bearing capacity results when compared with smooth interfaces. However,
if using small strain analysis, this increase is only minor and for simplicity it is
recommended that no interfaces be used.
8.3 Recommendations for Future Work
Future work in the area of shallow footings on slopes could include:
 More investigation of the punching mechanism in clay needs to occur, recom-
mendations for accurate modelling procedures need to be developed.
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 The results found in the H/B study for low strength soils need to be investigated
and validated to ensure that numerical instabilities haven’t altered the results.
 The L/B study needs to be expanded to include several slope heights and slope
angles. From here it is recommend that the relative difference in results as L/B
is changed be used to create multiplication factors for 2-Dimensional plane
strain results. This will complete the clay study and allow the bearing capacity
of shallow footings located near slopes to be determined for any combination of
the non-dimensional parameters.
 Further investigation of large strain mode in FLAC needs to be undertaken to
understand why the results fail to converge due to geometry errors. If an accept-
able solution can be found a case for the use of large strain analysis should be
presented.
 The pseudo seismic footing on slope problem was touched upon in this disserta-
tion, however it needs to be studied in depth.
 The range of slope angles needs to be increased to include 45° and 75° slopes
 All 30° results need to be re- calculated using the new mesh developed
 It is recommended that a simpler method would involve reduction factors and
multiplication factors for the 2-Dimensional flat ground bearing capacity,
which are a function of the non-dimensional parameters presented in this dis-
sertation. Such a method requires detailed investigation after the topic has been
comprehensively studied.
The future work stemming from this dissertation is seemingly endless, however the
outcomes would be of significant value to the engineering community.
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D/B Design Charts
B.1 90° Charts
Figure B-1. Change in normalised bearing capacity with footing location for
c
γB
= 0.5, and β = 90°
B
B.1 90° Charts, continued
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Figure B-2. Change in normalised bearing capacity with footing location for
c
γB
= 0.75, and β = 90°
Figure B-3. Change in normalised bearing capacity with footing location for
c
γB
= 1, and β = 90°
B.1 90° Charts, continued
B--3Appendix B -- D/B Design Charts
Figure B-4. Change in normalised bearing capacity with footing location for
c
γB
= 3, and β = 90°
Figure B-5. Change in normalised bearing capacity with footing location for
c
γB
= 5, and β = 90°
B.1 90° Charts, continued
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Figure B-6. Change in normalised bearing capacity with footing location for
c
γB
= 10, and β = 90°
Figure B-7. Change in normalised bearing capacity with footing location for
c
γB
= 15, and β = 90°
B.1 90° Charts, continued
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Figure B-8. Change in normalised bearing capacity with footing location for
c
γB
= 20, and β = 90°
Figure B-9. Change in normalised bearing capacity with footing location for
c
γB
= 25, and β = 90°
B.1 90° Charts, continued
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Figure B-10. Change in normalised bearing capacity with footing location for
c
γB
= 30, and β = 90°
Figure B-11. Change in normalised bearing capacity with footing location for
c
γB
= 1--30, and β = 90°
B.1 90° Charts, continued
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Figure B-12. Change in normalised bearing capacity with strength ratio for
D/B = 0 -- 9, and β = 90°
B.2 60° Charts
Figure B-13. Change in normalised bearing capacity with footing location for
c
γB
= 0.5, and β = 60°
B.2 60° Charts, continued
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Figure B-14. Change in normalised bearing capacity with footing location for
c
γB
= 0.75, and β = 60°
Figure B-15. Change in normalised bearing capacity with footing location for
c
γB
= 1, and β = 60°
B.2 60° Charts, continued
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Figure B-16. Change in normalised bearing capacity with footing location for
c
γB
= 3, and β = 60°
Figure B-17. Change in normalised bearing capacity with footing location for
c
γB
= 5, and β = 60°
B.2 60° Charts, continued
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Figure B-18. Change in normalised bearing capacity with footing location for
c
γB
= 10, and β = 60°
Figure B-19. Change in normalised bearing capacity with footing location for
c
γB
= 15, and β = 60°
B.2 60° Charts, continued
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Figure B-20. Change in normalised bearing capacity with footing location for
c
γB
= 20, and β = 60°
Figure B-21. Change in normalised bearing capacity with footing location for
c
γB
= 25, and β = 60°
B.2 60° Charts, continued
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Figure B-22. Change in normalised bearing capacity with footing location for
c
γB
= 30, and β = 60°
Figure B-23. Change in normalised bearing capacity with footing location for
c
γB
= 1--30, and β = 60°
B.2 60° Charts, continued
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Figure B-24. Change in normalised bearing capacity with strength ratio for
D/B = 0 -- 9, and β = 60°
B.3 30° Charts
Figure B-25. Change in normalised bearing capacity with footing location for
c
γB
= 0.5, and β = 30°
B.3 30° Charts, continued
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Figure B-26. Change in normalised bearing capacity with footing location for
c
γB
= 0.75, and β = 30°
Figure B-27. Change in normalised bearing capacity with footing location for
c
γB
= 1, and β = 30°
B.3 30° Charts, continued
B--15Appendix B -- D/B Design Charts
Figure B-28. Change in normalised bearing capacity with footing location for
c
γB
= 3, and β = 30°
Figure B-29. Change in normalised bearing capacity with footing location for
c
γB
= 5, and β = 30°
B.3 30° Charts, continued
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Figure B-30. Change in normalised bearing capacity with footing location for
c
γB
= 10, and β = 30°
Figure B-31. Change in normalised bearing capacity with footing location for
c
γB
= 15, and β = 30°
B.3 30° Charts, continued
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Figure B-32. Change in normalised bearing capacity with footing location for
c
γB
= 20, and β = 30°
Figure B-33. Change in normalised bearing capacity with footing location for
c
γB
= 25, and β = 30°
B.3 30° Charts, continued
B--18Appendix B -- D/B Design Charts
Figure B-34. Change in normalised bearing capacity with footing location for
c
γB
= 30, and β = 30°
Figure B-35. Change in normalised bearing capacity with footing location for
c
γB
= 1--30, and β = 30°
B.3 30° Charts, continued
B--19Appendix B -- D/B Design Charts
Figure B-36. Change in normalised bearing capacity with strength ratio for
D/B = 0 -- 9, and β = 30°
B.4 Overall Charts
Figure B-37. Slope influence for various slope angles and strength ratios
B.4 Overall Charts, continued
B--20Appendix B -- D/B Design Charts
Figure B-38. Change in normalised bearing capacity with footing location for
c
γB
= 15
Figure B-39. Variation in normalized bearing capacity with mesh fineness
B.5 Result Tables
B--21Appendix B -- D/B Design Charts
B.5 Result Tables
Table B--1. Normalised bearing capacity results for a 90° slope
Table B--2. Normalised bearing capacity results for a 60° slope
Table B--3. Normalised bearing capacity results for a 30° slope
B.5 Result Tables, continued
B--22Appendix B -- D/B Design Charts
Table B--4. D/B values marking start of flat ground failure mechanism
H/B Design Charts
C.1 Failure Envelopes
C.1.1 90° Slopes
UNSTABLE
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-1. Failure Mechanisms for c
γB
= 2.18, and β=90°
C
C.1 Failure Envelopes, continued
C--2Appendix C -- H/B Design Charts
UNKNOWN
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-2. Failure Mechanisms for c
γB
= 5.45, and β=90°
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-3. Failure Mechanisms for c
γB
= 10.91, and β=90°
C.1 Failure Envelopes, continued
C--3Appendix C -- H/B Design Charts
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-4. Failure Mechanisms for c
γB
= 21.82, and β=90°
C.1.2 60° Slopes
UNSTABLE
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-5. Failure Mechanisms for c
γB
= 2.18, and β=60°
C.1 Failure Envelopes, continued
C--4Appendix C -- H/B Design Charts
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-6. Failure Mechanisms for c
γB
= 5.45, and β=60°
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-7. Failure Mechanisms for c
γB
= 10.91, and β=60°
C.1 Failure Envelopes, continued
C--5Appendix C -- H/B Design Charts
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-8. Failure Mechanisms for c
γB
= 21.82, and β=60°
C.1.3 30° Slopes
UNSTABLE
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-9. Failure Mechanisms for c
γB
= 2.18, and β=30°
C.1 Failure Envelopes, continued
C--6Appendix C -- H/B Design Charts
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-10. Failure Mechanisms for c
γB
= 5.45, and β=30°
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-11. Failure Mechanisms for c
γB
= 10.91, and β=30°
C.1 Failure Envelopes, continued
C--7Appendix C -- H/B Design Charts
AT--TOE FAILURE
ABOVE--TOE FAILURE
FLAT GROUND FAILURE
Figure C-12. Failure Mechanisms for c
γB
= 21.82, and β=30°
C.2 Effect of D/B on Bearing Capacity
C.2.1 90° Slopes
Figure C-13. Change in normalised bearing capacity with footing location for
c
γB
= 2.18, and β = 90°
C.2 Effect of D/B on Bearing Capacity, continued
C--8Appendix C -- H/B Design Charts
Figure C-14. Change in normalised bearing capacity with footing location for
c
γB
= 5.45, and β = 90°
Figure C-15. Change in normalised bearing capacity with footing location for
c
γB
= 10.91, and β = 90°
C.2 Effect of D/B on Bearing Capacity, continued
C--9Appendix C -- H/B Design Charts
Figure C-16. Change in normalised bearing capacity with footing location for
c
γB
= 21.82, and β = 90°
C.2.2 60° Slopes
Figure C-17. Change in normalised bearing capacity with footing location for
c
γB
= 2.18, and β = 60°
C.2 Effect of D/B on Bearing Capacity, continued
C--10Appendix C -- H/B Design Charts
Figure C-18. Change in normalised bearing capacity with footing location for
c
γB
= 5.45, and β = 60°
Figure C-19. Change in normalised bearing capacity with footing location for
c
γB
= 10.91, and β = 60°
C.2 Effect of D/B on Bearing Capacity, continued
C--11Appendix C -- H/B Design Charts
Figure C-20. Change in normalised bearing capacity with footing location for
c
γB
= 21.82, and β = 60°
C.2.3 30° Slopes
Figure C-21. Change in normalised bearing capacity with footing location for
c
γB
= 2.18, and β = 30°
C.2 Effect of D/B on Bearing Capacity, continued
C--12Appendix C -- H/B Design Charts
Figure C-22. Change in normalised bearing capacity with footing location for
c
γB
= 5.45, and β = 30°
Figure C-23. Change in normalised bearing capacity with footing location for
c
γB
= 10.91, and β = 30°
C.2 Effect of D/B on Bearing Capacity, continued
C--13Appendix C -- H/B Design Charts
Figure C-24. Change in normalised bearing capacity with footing location for
c
γB
= 21.82, and β = 30°
C.3 Effect of H/B on Bearing Capacity
C.3.1 90° Slopes
Figure C-25. Change in normalised bearing capacity with slope height for
c
γB
= 2.18, and β = 90°
C.3 Effect of H/B on Bearing Capacity, continued
C--14Appendix C -- H/B Design Charts
Figure C-26. Change in normalised bearing capacity with slope height for
c
γB
= 5.45, and β = 90°
Figure C-27. Change in normalised bearing capacity with slope height for
c
γB
= 10.91, and β = 90°
C.3 Effect of H/B on Bearing Capacity, continued
C--15Appendix C -- H/B Design Charts
Figure C-28. Change in normalised bearing capacity with slope height for
c
γB
= 21.82, and β = 90°
C.3.2 60° Slopes
Figure C-29. Change in normalised bearing capacity with slope height for
c
γB
= 2.18, and β = 60°
C.3 Effect of H/B on Bearing Capacity, continued
C--16Appendix C -- H/B Design Charts
Figure C-30. Change in normalised bearing capacity with slope height for
c
γB
= 5.45, and β = 60°
Figure C-31. Change in normalised bearing capacity with slope height for
c
γB
= 10.91, and β = 60°
C.3 Effect of H/B on Bearing Capacity, continued
C--17Appendix C -- H/B Design Charts
Figure C-32. Change in normalised bearing capacity with slope height for
c
γB
= 21.82, and β = 60°
C.3.3 30° Slopes
Figure C-33. Change in normalised bearing capacity with slope height for
c
γB
= 2.18, and β = 30°
C.3 Effect of H/B on Bearing Capacity, continued
C--18Appendix C -- H/B Design Charts
Figure C-34. Change in normalised bearing capacity with slope height for
c
γB
= 5.45, and β = 30°
Figure C-35. Change in normalised bearing capacity with slope height for
c
γB
= 10.91, and β = 30°
C.3 Effect of H/B on Bearing Capacity, continued
C--19Appendix C -- H/B Design Charts
Figure C-36. Change in normalised bearing capacity with slope height for
c
γB
= 21.82, and β = 30°
C.4 Effect of Strength Ratio on Bearing Capacity
C.4.1 90° Slopes
Figure C-37. Change in normalised bearing capacity with strength ratio for
D/B = 0, and β = 90°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--20Appendix C -- H/B Design Charts
Figure C-38. Change in normalised bearing capacity with strength ratio for
D/B = 2.18, and β = 90°
Figure C-39. Change in normalised bearing capacity with strength ratio for
D/B = 4.36, and β = 90°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--21Appendix C -- H/B Design Charts
Figure C-40. Change in normalised bearing capacity with strength ratio for
D/B = 6.55, and β = 90°
Figure C-41. Change in normalised bearing capacity with strength ratio for
D/B = 8.73, and β = 90°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--22Appendix C -- H/B Design Charts
C.4.2 60° Slopes
Figure C-42. Change in normalised bearing capacity with strength ratio for
D/B = 0, and β = 60°
Figure C-43. Change in normalised bearing capacity with strength ratio for
D/B = 2.18, and β = 60°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--23Appendix C -- H/B Design Charts
Figure C-44. Change in normalised bearing capacity with strength ratio for
D/B = 4.36, and β = 60°
Figure C-45. Change in normalised bearing capacity with strength ratio for
D/B = 6.55, and β = 60°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--24Appendix C -- H/B Design Charts
Figure C-46. Change in normalised bearing capacity with strength ratio for
D/B = 8.73, and β = 60°
C.4.3 30° Slopes
Figure C-47. Change in normalised bearing capacity with strength ratio for
D/B = 0, and β = 30°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--25Appendix C -- H/B Design Charts
Figure C-48. Change in normalised bearing capacity with strength ratio for
D/B = 2.18, and β = 30°
Figure C-49. Change in normalised bearing capacity with strength ratio for
D/B = 4.36, and β = 30°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--26Appendix C -- H/B Design Charts
Figure C-50. Change in normalised bearing capacity with strength ratio for
D/B = 6.55, and β = 30°
C.4 Effect of Strength Ratio on Bearing Capacity, continued
C--27Appendix C -- H/B Design Charts
Figure C-51. Change in normalised bearing capacity with strength ratio for
D/B = 8.73, and β = 30°
C.5 Result Tables
Table C--1. Normalised bearing capacity results for a 90° slope
C.5 Result Tables, continued
C--28Appendix C -- H/B Design Charts
Table C--2. Normalised bearing capacity results for a 60° slope
Table C--3. Normalised bearing capacity results for a 30° slope
3D Design Charts
D.1 Verification
Figure D-1. Variation in normalised bearing capacity with mesh fineness,
D/B = 1, L/B = 4
Table D--1. Variation in normalised bearing capacity with mesh fineness,
D/B =1, L/B = 4
D
D.1 Verification, continued
D--2Appendix D -- 3D Design Charts
Figure D-2. Variation in normalised bearing capacity with mesh fineness,
D/B = 1, L/B = 12
Table D--2. Variation in normalised bearing capacity with mesh fineness,
D/B = 1, L/B = 12
Figure D-3. Variation in normalised bearing capacity with mesh fineness,
D/B = 4, L/B = 4
Table D--3. Variation in normalised bearing capacity with mesh fineness,
D/B = 4, L/B = 4
D.1 Verification, continued
D--3Appendix D -- 3D Design Charts
Figure D-4. Variation in normalised bearing capacity with mesh fineness,
D/B = 4, L/B = 12
Table D--4. Variation in normalised bearing capacity with mesh fineness,
D/B = 4, L/B = 12
Figure D-5. Variation in normalised bearing capacity with L/B, H/B = 3, c
γB
= 10,
with 0.2 m element size
D.1 Verification, continued
D--4Appendix D -- 3D Design Charts
Table D--5. Normalised bearing capacity, H/B = 3, c
γB
= 10, β = 90°, with 3D
0.2 m element size, and 2D 0.05 m element size
Table D--6. 3D and 2D Plane Strain normalised bearing capacity comparison,
with 3D 0.2m element size, and 2D 0.05 m element size
Table D--7. 3D and 2D Plane Strain normalised bearing capacity comparison,
with 3D 0.05m element size, and 2D 0.05 m element size
D.2 Qualitative Results
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D.2 Qualitative Results
L/B = 2
L/B = 4
L/B = 6
L/B = 8
L/B = 10
L/B = 12
L/B = 16
L/B = 20
Plane Strain
Figure D-6. Variation in Velocity Contours with L/B, D/B = 2, c
γB
= 10, H/B = 5
D.3 Variation with L/B
D--6Appendix D -- 3D Design Charts
D.3 Variation with L/B
Figure D-7. Variation in normalised bearing capacity with L/B, D/B = 0, H/B = 5
Figure D-8. Variation in normalised bearing capacity with L/B, D/B = 1, H/B = 5
D.3 Variation with L/B, continued
D--7Appendix D -- 3D Design Charts
Figure D-9. Variation in normalised bearing capacity with L/B, D/B = 2, H/B = 5
Figure D-10. Variation in normalised bearing capacity with L/B, D/B = 3, H/B = 5
D.3 Variation with L/B, continued
D--8Appendix D -- 3D Design Charts
Figure D-11. Variation in normalised bearing capacity with L/B, D/B = 4, H/B = 5
Figure D-12. Variation in normalised bearing capacity with L/B, D/B = 5, H/B = 5
D.4 Variation with SR
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D.4 Variation with SR
Figure D-13. Variation in normalised bearing capacity with c
γB
, L/B = 2, H/B = 5
Figure D-14. Variation in normalised bearing capacity with c
γB
, L/B = 4, H/B = 5
D.4 Variation with SR, continued
D--10Appendix D -- 3D Design Charts
Figure D-15. Variation in normalised bearing capacity with c
γB
, L/B = 6, H/B = 5
Figure D-16. Variation in normalised bearing capacity with c
γB
, L/B = 8, H/B = 5
D.4 Variation with SR, continued
D--11Appendix D -- 3D Design Charts
Figure D-17. Variation in normalised bearing capacity with c
γB
, L/B = 10, H/B = 5
Figure D-18. Variation in normalised bearing capacity with c
γB
, L/B = 12, H/B = 5
D.4 Variation with SR, continued
D--12Appendix D -- 3D Design Charts
Figure D-19. Variation in normalised bearing capacity with c
γB
, L/B = 16, H/B = 5
Figure D-20. Variation in normalised bearing capacity with c
γB
, L/B = 20, H/B = 5
D.4 Variation with SR, continued
D--13Appendix D -- 3D Design Charts
Figure D-21. Variation in normalised bearing capacity with c
γB
, Plane Strain,
H/B = 5
D.5 Variation with D/B
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D.5 Variation with D/B
Figure D-22. Variation in normalised bearing capacity with D/B, c
γB
= 1, H/B = 5
Figure D-23. Variation in normalised bearing capacity with D/B, c
γB
= 2, H/B = 5
D.5 Variation with D/B, continued
D--15Appendix D -- 3D Design Charts
Figure D-24. Variation in normalised bearing capacity with D/B, c
γB
= 3, H/B = 5
Figure D-25. Variation in normalised bearing capacity with D/B, c
γB
= 5, H/B = 5
D.5 Variation with D/B, continued
D--16Appendix D -- 3D Design Charts
Figure D-26. Variation in normalised bearing capacity with D/B, c
γB
= 10, H/B = 5
Figure D-27. Variation in normalised bearing capacity with D/B, c
γB
= 15, H/B = 5
D.5 Variation with D/B, continued
D--17Appendix D -- 3D Design Charts
Figure D-28. Variation in normalised bearing capacity with D/B, c
γB
= 20, H/B = 5
Figure D-29. Variation in normalised bearing capacity with D/B, c
γB
= 25, H/B = 5
D.5 Variation with D/B, continued
D--18Appendix D -- 3D Design Charts
Figure D-30. Variation in normalised bearing capacity with D/B, c
γB
= 30, H/B = 5
Figure D-31. 3D H/B = 5 to 2D H/B = 3 comparison of variation in normalised
bearing capacity with D/B, plane strain. Note 3D plane strain data finishes at
D/B = 5
D.6 Rate of Change of Bearing Capacity with D/B
D--19Appendix D -- 3D Design Charts
D.6 Rate of Change of Bearing Capacity with D/B
See Figure D-33
Figure D-32. Rate of change of normalised bearing capacity with D/B, c
γB
= 30,
H/B = 5
Figure D-33. Rate of change of normalised bearing capacity with D/B, c
γB
= 30,
H/B = 5
D.6 Rate of Change of Bearing Capacity with D/B, continued
D--20Appendix D -- 3D Design Charts
Figure D-34. 3D H/B = 5 to 2D H/B = 3 comparison of rate of change of normal-
ised bearing capacity with D/B, plane strain. Note 3D data denoted by dashed lines
Figure D-35. Rate of change of normalised bearing capacity with D/B, c
γB
= 25,
H/B = 5
D.6 Rate of Change of Bearing Capacity with D/B, continued
D--21Appendix D -- 3D Design Charts
Figure D-36. Rate of change of normalised bearing capacity with D/B, c
γB
= 20,
H/B = 5
Figure D-37. Rate of change of normalised bearing capacity with D/B, c
γB
= 15,
H/B = 5
D.6 Rate of Change of Bearing Capacity with D/B, continued
D--22Appendix D -- 3D Design Charts
Figure D-38. Rate of change of normalised bearing capacity with D/B, c
γB
= 10,
H/B = 5
Figure D-39. Rate of change of normalised bearing capacity with D/B, c
γB
= 5,
H/B = 5
D.6 Rate of Change of Bearing Capacity with D/B, continued
D--23Appendix D -- 3D Design Charts
Figure D-40. Rate of change of normalised bearing capacity with D/B, c
γB
= 3,
H/B = 5
Figure D-41. Rate of change of normalised bearing capacity with D/B, c
γB
= 2,
H/B = 5
D.6 Rate of Change of Bearing Capacity with D/B, continued
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Figure D-42. Rate of change of normalised bearing capacity with D/B, c
γB
= 1,
H/B = 5
D.7 Results
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D.7 Results
Table D--8. Normalised bearing capacity, D/B = 0, H/B = 5
Table D--9. Normalised bearing capacity, D/B = 1, H/B = 5
Table D--10. Normalised bearing capacity, D/B = 2, H/B = 5
D.7 Results, continued
D--26Appendix D -- 3D Design Charts
Table D--11. Normalised bearing capacity, D/B = 3, H/B = 5
Table D--12. Normalised bearing capacity, D/B = 4, H/B = 5
Table D--13. Normalised bearing capacity, D/B = 5, H/B = 5
D.8 Flat Ground Reduction Factor
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D.8 Flat Ground Reduction Factor
Table D--14. Flat ground normalised bearing capacity, H/B = 5, β = 90°
Figure D-43. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 30,
H/B = 5, β = 90°
D.8 Flat Ground Reduction Factor, continued
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Figure D-44. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 25,
H/B = 5, β = 90°
Figure D-45. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 20,
H/B = 5, β = 90°
D.8 Flat Ground Reduction Factor, continued
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Figure D-46. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 15,
H/B = 5, β = 90°
Figure D-47. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 10,
H/B = 5, β = 90°
D.8 Flat Ground Reduction Factor, continued
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Figure D-48. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 5,
H/B = 5, β = 90°
Figure D-49. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 3,
H/B = 5, β = 90°
D.8 Flat Ground Reduction Factor, continued
D--31Appendix D -- 3D Design Charts
Figure D-50. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 2,
H/B = 5, β = 90°
Figure D-51. Flat ground bearing capacity reduction factor Vs D/B, c
γB
= 1,
H/B = 5, β = 90°
D.8 Flat Ground Reduction Factor, continued
D--32Appendix D -- 3D Design Charts
D.8.1 Variation of Flat Ground Reduction Factor with SR
Figure D-52. Variation of flat ground bearing capacity reduction with c
γB
, D/B = 0, H/B = 5,
β = 90°
Figure D-53. Variation of flat ground bearing capacity reduction with c
γB
, D/B = 1, H/B = 5,
β = 90°
D.8 Flat Ground Reduction Factor, continued
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Figure D-54. Variation of flat ground bearing capacity reduction with c
γB
, D/B = 2, H/B = 5,
β = 90°
Figure D-55. Variation of flat ground bearing capacity reduction with c
γB
, D/B = 3, H/B = 5,
β = 90°
D.8 Flat Ground Reduction Factor, continued
D--34Appendix D -- 3D Design Charts
Figure D-56. Variation of flat ground bearing capacity reduction with c
γB
, D/B = 4, H/B = 5,
β = 90°
Interface Effects
E.1 Results
E.1.1 Small Strain
Figure E-1. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
E
E.1 Results, continued
E--2Appendix E -- Interface Results
Figure E-2. Variation in normalised bearing capacity with D/B, for a large concrete footing
with a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
Figure E-3. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
Table E--1. Bearing capacity results for a weightless footing with a horizontal in-
terface, ( H/B = 3, c
γB
= 10, β = 90° )
E.1 Results, continued
E--3Appendix E -- Interface Results
Table E--2. Bearing capacity results for a large concrete footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
Table E--3. Bearing capacity results for a weightless footing with a horizontal in-
terface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
E.1.2 Large Strain
Figure E-4. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
E.1 Results, continued
E--4Appendix E -- Interface Results
Figure E-5. Variation in normalised bearing capacity with D/B, for a large concrete footing
with a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
Figure E-6. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
Table E--4. Bearing capacity results for a weightless footing with a horizontal in-
terface, ( H/B = 3, c
γB
= 10, β = 90° )
E.1 Results, continued
E--5Appendix E -- Interface Results
Table E--5. Bearing capacity results for a large concrete footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
Table E--6. Bearing capacity results for a weightless footing with a horizontal in-
terface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
E.1 Results, continued
E--6Appendix E -- Interface Results
E.1.3 Velocity Vectors
Large Strain Small Strain
D/B = 0
D/B = 1
D/B = 2
Figure E-7. Velocity vector plots for a smooth footing using large and small strain analysis,
( H/B = 3, c
γB
= 10, β = 90° )
E.1 Results, continued
E--7Appendix E -- Interface Results
Large Strain Small Strain
D/B = 0
D/B = 1
D/B = 2
Figure E-8. Velocity vector plots for a rough footing using large and small strain analysis,
( H/B = 3, c
γB
= 10, β = 90° )
Small Strain Vs Large Strain
F.1 Interface
F.1.1 Smooth Interface
Figure F-1. Variation in normalised bearing capacity with D/B, for a basic footing model
without a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
F
F.1 Interface, continued
F--2Appendix F -- Small Strain Vs Large Strain
Figure F-2. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
Figure F-3. Variation in normalised bearing capacity with D/B, for a large concrete footing
with a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
F.1 Interface, continued
F--3Appendix F -- Small Strain Vs Large Strain
Figure F-4. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--1. Bearing capacity results for a basic footing model without a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--2. Bearing capacity results for a weightless footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--3. Bearing capacity results for a large concrete footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
F.1 Interface, continued
F--4Appendix F -- Small Strain Vs Large Strain
Table F--4. Bearing capacity results for a weightless footing with a horizontal in-
terface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
F.1.2 Rough Interface
Figure F-5. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
F.1 Interface, continued
F--5Appendix F -- Small Strain Vs Large Strain
Figure F-6. Variation in normalised bearing capacity with D/B, for a large concrete footing
with a horizontal interface, ( H/B = 3, c
γB
= 10, β = 90° )
Figure F-7. Variation in normalised bearing capacity with D/B, for a weightless footing with
a horizontal interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--5. Bearing capacity results for a weightless footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
F.1 Interface, continued
F--6Appendix F -- Small Strain Vs Large Strain
Table F--6. Bearing capacity results for a large concrete footing with a horizontal
interface, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--7. Bearing capacity results for a weightless footing with a horizontal
interface and vertical interfaces, ( H/B = 3, c
γB
= 10, β = 90° )
F.2 3D Verification
F.2.1 L/B Verification Study
Figure F-8. Variation in normalised bearing capacity with L/B, for various D/B ratios, Large
Strain -- dashed, Small Strain -- solid, ( H/B = 3, c
γB
= 10, β = 90° )
F.2 3D Verification, continued
F--7Appendix F -- Small Strain Vs Large Strain
Table F--8. Small and large strain bearing capacity results for the L/B verification study, for
D/B = 0, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--9. Small and large strain bearing capacity results for the L/B verification study, for
D/B = 1, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--10. Small and large strain bearing capacity results for the L/B verification study,
for D/B = 2, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--11. Small and large strain bearing capacity results for the L/B verification study,
for D/B = 3, ( H/B = 3, c
γB
= 10, β = 90° )
Table F--12. Small and large strain bearing capacity results for the L/B verification study,
for D/B = 4, ( H/B = 3, c
γB
= 10, β = 90° )
F.2 3D Verification, continued
F--8Appendix F -- Small Strain Vs Large Strain
F.2.2 Mesh Fineness
Figure F-9. Variation in normalised bearing capacity with mesh fineness, D/B = 1, L/B = 4
Figure F-10. Variation in normalised bearing capacity with mesh fineness, D/B = 1,
L/B =12
F.2 3D Verification, continued
F--9Appendix F -- Small Strain Vs Large Strain
Figure F-11. Variation in normalised bearing capacity with mesh fineness, D/B = 4, L/B = 4
Figure F-12. Variation in normalised bearing capacity with mesh fineness, D/B = 4,
L/B = 12
Table F--13. Variation in normalised bearing capacity with mesh fineness,
D/B = 1, L/B = 4
F.2 3D Verification, continued
F--10Appendix F -- Small Strain Vs Large Strain
Table F--14. Variation in normalised bearing capacity with mesh fineness,
D/B = 1, L/B = 12
Table F--15. Variation in normalised bearing capacity with mesh fineness,
D/B = 4, L/B = 4
Table F--16. Variation in normalised bearing capacity with mesh fineness,
D/B = 4, L/B = 12
F.3 Pseudo Seismic
Table F--17. Bearing capacity results for Kw = 0.1, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
F.3 Pseudo Seismic, continued
F--11Appendix F -- Small Strain Vs Large Strain
Table F--18. Bearing capacity results for Kw = 0.2, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
Table F--19. Bearing capacity results for Kw = 0.3, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
Table F--20. Bearing capacity results for Kw = 0.4, fully rough horizontal interface,
( H/B = 3, c
γB
= 10, β = 90° )
